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ABSTRACT 
RYAN PATRICK O’QUINN: The Dynamic Protein Architecture of Human Kinetochores 
(Under the direction of Dr. E.D. Salmon) 
 
 Accurate segregation of genomic DNA during mitosis is one of the cell’s most vital 
functions.  Errors in this process result in defects that are implicated in many human diseases 
and developmental disorders.  Key to this process is the attachment of chromosomes to 
microtubules of the mitotic spindle, via complex protein machines at the centromere known 
as kinetochores.  In addition to providing the spindle microtubule attachment site, 
kinetochores also generate and propagate a “warning system” known as the spindle assembly 
checkpoint (SAC) that prevents anaphase onset until all chromosomes are properly aligned at 
the spindle equator.  Lack of resolution capability in the light microscope and lack of contrast 
in the electron microscope have frustrated attempts to generate a map of protein architecture 
within kinetochores.  Here we demonstrate a new light microscopy method, which we term 
K-SHREC (Kinetochore Speckle High-Resolution Colocalizaton) that measures distances 
between fluorescent labels at an accuracy of <5 nm.  We measure separation distances 
between 16 proteins in human kinetochores, and also reveal important mechanical properties 
of kinetochore protein linkages.  In particular, we identify an intrakinetochore molecular 
switch that may function in the SAC signal.  I investigate the nature of this switch further by 
transfecting human cancer cells with siRNAs to Spindly, a protein implicated in recruitment 
of dynein to kinetochores.  I find that Spindly is required for timely satisfaction of this 
interior switch within kinetochores, and that satisfaction of this switch condition may be a 
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key component of extinguishing the SAC “wait-anaphase” signal.  These studies advance our 
current understanding of kinetochore substructure, and how organisms successfully complete 
mitosis at the molecular level. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
Overview 
 
How does a cell faithfully segregate its chromosomes?  The full, exact answer to this 
question has yet to be elucidated, but several elements of the process have been hammered 
out through years of hard work by many labs.  In short, chromosomes are attached to the 
mitotic spindle microtubules during the prometaphase stage of mitosis by way of a complex 
proteinaceous structure at the centromere known as the kinetochore.  Chromosomes oscillate 
towards the equator of the spindle and align at the metaphase stage of mitosis, and then sister 
chromatids separate at anaphase.  To prevent aneuploidy, the cell must ensure that each 
kinetochore is properly attached to spindle microtubules.  
Proficient cellular replication and, on a larger scale, organismal reproduction is 
predicated upon the ability of cells to successfully duplicate and pass along their genetic 
material.  Through the process of mitosis, cells duplicate their chromosomes, separate them 
to opposite ends of the cell body, and then cleave to form two new cells.  The process is a 
beautiful, onion-like mechanism: rather simple on the surface, but increasingly complex at 
higher levels of detail.  Hundreds of proteins must be correctly synthesized, folded, and 
localized for the events of mitosis to occur, and yet errors in this process occur at a rate of 1 
in 10000 (Nasmyth, 2005). It is fortunate that such an important process stays faithful – for 
failing to do so has dire consequences.  Mis-segregation of chromosomes, known as 
aneuploidy, has been widely implicated in birth defects, cancer, and other diseases. 
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Cells employ a “safety net” mechanism known as the spindle checkpoint to delay 
anaphase until all chromosomes are properly attached to the spindle.  In the last fifteen years, 
advances in microscopy and other experimental techniques have permitted characterization 
of the source of the checkpoint signal: unattached kinetochores.  Artificially impairing the 
ability of a single kinetochore to attach to microtubules, by either microneedle manipulation 
(Li and Nicklas, 1995) or laser ablation (Rieder et al., 1995) was sufficient to delay anaphase 
onset indefinitely.  It became apparent that unattached kinetochores were producing the 
“wait-anaphase” signal that prevented cells from initiating anaphase too early.  The enduring 
question, which is still incompletely answered today, is how?  Can kinetochores sense 
tension across their centromeric DNA?  This thesis is but one of many underway that seeks to 
address these critical questions in cell biology.  I will introduce the process by which a cell 
builds a kinetochore, the process by which the cell deploys the spindle assembly checkpoint 
signal, and the process by which the important motor protein dynein is recruited to 
kinetochores to assist in satisfaction and silencing of the checkpoint signal.  Finally, I will 
outline how my experiments will augment and add to this compendium of knowledge. 
 
I. Building a Kinetochore 
 Centromeres in metazoan cells are extraordinarily complex chromosomal loci.  It 
seems likely based on genomics and epistasis studies that higher-order organisms have 
structurally similar but far more complicated centromeres than single-nucleosome 
centromeres found in Saccharomyces cerevisiae (Chan et al., 2005). The most highly 
conserved element of centromeres is a core structure composed of nucleosomes with a 
divergent form of histone-H3 known as CENP-A.  CENP-A has been seen to interact 
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specifically with centromere DNA and heterochromatin in vivo, and as a result may help play 
a role in the spatial assembly of the kinetochore (Cleveland et al., 2003; Folco et al., 2008; 
Liu et al., 2006; Vos et al., 2006).  The kinetochore is a structure composed of dozens of 
different proteins that plays a key role in linking the chromatin of chromosomes to the 
microtubules that will help them to segregate in mitosis (Figure 1.1; reviewed in (Musacchio 
and Salmon, 2007; Tanaka et al., 2005)). Without a properly functioning kinetochore, faithful 
chromosome segregation is all but impossible.  The kinetochore serves as a managing 
complex to help guide and regulate the startling stochastic process of microtubule capture. 
 The proteins making up the kinetochore assemble in a temporal fashion, but the 
assembly hierarchy is far from linear and has not been fully discovered (Figure 1.1).  One 
assembly pathway appears to be specified by CENP-A.  It has been reported to direct three 
different sub-pathways of kinetochore assembly: one through CENP-I that helps define the 
inner plate of kinetochores, and two others via CENP-C and kinase Aurora B that help 
regulate the size and shape of the inner and outer plates (Chan et al., 2005; Liu et al., 2006). 
CENP-I has been found to be essential for the recruitment of checkpoint proteins and is also 
required for mitotic entry in general.  Cells in which CENP-I has been depleted arrest in the 
G2 phase of the cell cycle (Liu et al., 2003; Liu et al., 2006).  Interestingly, human 
kinetochores appear to contain a significant surplus of CENP-A molecules.  In one study, 
CENP-A levels in human cells were depleted by 90%, and all kinetochore proteins still 
assembled properly and at normal levels (Liu et al., 2006).  Recent studies in yeast have 
strongly suggested that the “basics” of a kinetochore are conserved throughout evolution.  
Cutting edge studies where copy numbers of proteins were counted using biochemistry and 
high-resolution light microscopy indicated that budding yeast had one copy of CENP-A for 
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each its single microtubule attachment sites per kinetochore (Joglekar et al., 2008a; Joglekar 
et al., 2008b).  Furthermore, fission yeast, which has more MT attachment sites at each 
kinetochore, had the same number of core protein complexes per attachment site, indicating 
that point centromeres in lower organisms can be seen as the isolated “building blocks” of 
more complex regional centromeres of higher organisms (Joglekar et al., 2008a). 
Another recruitment pathway begins with the Mis12 centromere complex, which had 
been previously thought to be in the inner plate at the periphery of centromeric chromatin.  
Cells depleted of Mis12 complex show phenotypes similar to those depleted of CENP-A, but 
the two have been determined to localize at the inner kinetochore independently of one 
another (Chan et al., 2005; Liu et al., 2006).  The Mis12 complex has been shown to bind to 
centromeric heterochromatin component HP1, which in turn binds to a specific pericentric 
form of histone H3 other than CENP-A (Chan et al., 2005; Obuse et al., 2004a).  The Mis12 
complex and CENP-A thus serve as key bridges from chromosomal DNA to outer 
kinetochore components that regulate microtubule linkage.  
 
Kinetochore Substructure 
 
As mentioned, electron microscopy experiments have revealed that the kinetochore 
consists of a trilaminar disk structure (Dong et al., 2007; Maiato et al., 2004b).  Structurally, 
the kinetochore can be classified into three main regions: the inner plate, which is closest to 
the centromeric heterochromatin and contains core structural elements; a 20-30 nm low-
contrast gap, whose contents, if any, are unknown; the outer plate, which contains a majority 
of the microtubule-associated proteins and signaling proteins; and the fibrous corona, a 
5 
 
meshwork of fibers that can be seen to extend out from the outer plate in kinetochores that 
are unattached to microtubules.  The majority of proteins involved in microtubule capture 
and the spindle checkpoint are located on the outer plate and in the corona; some are found in 
both regions (Chan et al., 2005; Musacchio and Salmon, 2007).  The next section of this 
chapter will focus on each portion of the substructure individually. 
 
The Inner Kinetochore: A Structural Scaffold 
 The inner domain of the kinetochore consists of proteins that form the core support 
system for the entire structure.   These proteins are present at centromeres during the entirety 
of the cell cycle – this enables the support structure they comprise to assemble in short order 
once mitosis is underway.  As previously mentioned, CENP-A is most proximal to 
centromeric chromatin, and in fact can be seen by immuno-electron microscopy in human 
kinetochores to extend dozens of nanometers from the periphery into the centromere (W.C. 
Earnshaw, personal communication).  Next after CENP-A is CENP-C, which can also be 
seen to intermingle with chromatin loops, though to a lesser extent (Saitoh et al., 1992).  
The next layers are the 16 kinetically stable structural proteins termed the CCAN, or 
the constitutive centromere-associated network (Cheeseman and Desai, 2008; Foltz et al., 
2006; Hemmerich et al., 2008; McClelland et al., 2007).  CENP-I, CENP-T, and a novel 
protein CENP-W seem to stand apart in this hierarchy, as they are essential for mitosis and 
can directly bind to centromeric chromatin through CENP-W (Hellwig et al., 2008; Hori et 
al., 2008b; Liu et al., 2003; Liu et al., 2006).  Less is known about the molecular structures of 
these CCAN proteins as opposed to more outer, larger proteins, since they are generally 
smaller and harder to isolate and purify.  However, a new study has demonstrated that inner 
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kinetochore CCAN proteins CENP-H and CENP-K have significant coiled-coil segments, 
indicating they may have extensive rod domains  in their structure and also regions that can 
bind other proteins, such as those in the more outer KMN network (Qiu et al., 2009).  Recent 
studies have further divided the CCAN into Class I (containing, among others, CENP-O and 
CENP-L) and Class II (containing, among others, CENP-N and the more well characterized 
CENP-H/-I/-K complex)(McClelland et al., 2007).  Depletion of Class I CCAN proteins 
results in a loss of mitotic spindle bipolarity, while depletion of Class II proteins results in 
bipolar spindles but errors in metaphase alignment at the spindle equator.  Interestingly, co-
depletion of both classes of CCAN proteins also results in spindle bipolarity, indicating that 
the two classes may counteract and complement each other.  In addition, since Class II 
CCANs are required for recruitment of the Ndc80 outer kinetochore complex (see below), 
they can be seen as an important core structural complex essential for proper mitosis 
(McClelland et al., 2007). Together, all of these core proteins have been thought to form the 
high-contrast inner plate seen in electron micrographs proximal to the DNA.  This inner core 
structure serves as a platform for the more distal outer proteins that perform the kinetochore’s 
key functions, such as microtubule capture, force generation for chromosome alignment and 
segregation, and regulation of the spindle assembly checkpoint signal. 
 
The Outer Kinetochore: The Kinetochore Microtubule Attachment Site 
 The key function of the outer kinetochore, seen in electron micrographs as a second 
plate separated from the inner plate by a 25-30 nm low contrast gap (Dong et al., 2007; 
Maiato et al., 2004b), is to form the attachment site for spindle microtubules to the 
kinetochores, and generate the forces necessary for chromosome congression, oscillation, and 
7 
 
eventually, separation (Cheeseman et al., 2006; Joglekar and DeLuca, 2009; Musacchio and 
Salmon, 2007; Powers et al., 2009; Wei et al., 2007; Wei et al., 2006).  Perhaps the key 
element of the outer kinetochore is the “KMN” network, comprised of the KNL1, Mis12, and 
Ndc80 complexes (Cheeseman et al., 2006).  The four members of the Ndc80 complex may 
span the outer kinetochore plate, while the four members of the Mis12 complex may stretch 
between the inner and outer plates (Chapter 2).  Each of these complexes plays a critical role 
in microtubule capture and force generation.   
The Ndc80 complex is comprised of subunits Spc24, Spc25, Nuf2, and Ndc80, 
(known as Hec1 in human cells for Highly Expressed in Cancer; (Ciferri et al., 2005; Ciferri 
et al., 2007; Ciferri et al., 2008; DeLuca et al., 2006; Wei et al., 2007)).  Recently, 
Ndc80/Hec1 was found to be a binding partner of Mis12, suggesting that this is how the 
complex is recruited to the kinetochore during prophase (Ciferri et al., 2005; Obuse et al., 
2004a). Interestingly, however, Ndc80/Hec1 and Nuf2 were also seen to require CENP-I and 
CENP-H bound to the kinetochore, indicating that both the CENP-A and Mis12 structural 
assembly pathways come into play in its recruitment (Liu et al., 2003; Liu et al., 2006).  Hec1 
and Nuf2 form a dimer, and Spc24 and Spc25 form another dimer.  The dimers are connected 
by a roughly 55 nm rod domain comprised of the coiled coils of subcomplexes (Ciferri et al., 
2005; Ciferri et al., 2008; Wei et al., 2007; Wei et al., 2006)  
 There is consensus in the field that proper mitosis requires all components of the 
Ndc80 complex (DeLuca et al., 2006; Guimaraes et al., 2008; Martin-Lluesma et al., 2002; 
McCleland et al., 2003; McCleland et al., 2004; Vigneron et al., 2004; Wei et al., 2007; Wei 
et al., 2006). However, the explanations for why mitotic aberrations occur in Ndc80-depleted 
cells vary.  One theory sees mitotic arrest as happening as a result of microtubule attachments 
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being impossible in the absence of Ndc80 (Martin-Lluesma et al., 2002) while another theory 
shows that Mad1 and Mad2 localization is directly affected by Ndc80 (DeLuca et al., 2003).  
Mounting evidence appears to suggest that Ndc80/Hec1 and Nuf2 are not necessarily directly 
responsible for Mad1 and Mad2 recruitment; instead, they act as retainers that keep those 
proteins and other outer domain checkpoint proteins at the kinetochore until the proper time 
when they can be stripped by dynein (DeLuca et al., 2003; Vigneron et al., 2004; Vorozhko 
et al., 2008). Initial evidence that Ndc80/Hec1 was directly responsible for Mad1 recruitment 
was tempered somewhat by yeast two-hybrid data showing that Hec1 did not physically 
interact with either Mps1 or Mad1, which it seemingly would need to do in order to be a 
direct recruiter (Martin-Lluesma et al., 2002). A final role for the Ndc80 complex appears to 
be as a structural support system for the outer plate of the kinetochore.  Cells depleted of 
Ndc80 have deformed outer plates by electron microscopy, and the subsequent failure of 
other downstream kinetochore proteins to localize could be a result of inability to properly 
bind the deformed outer plate (DeLuca et al., 2005; DeLuca et al., 2006; DeLuca et al., 2003; 
Dong et al., 2007; Vigneron et al., 2004).  The prevailing current understanding of Ndc80 
complex function is threefold: outer plate structural bastion, key manipulator of microtubule 
capture along with CENP-E, and regulator of Mad1 and Mad2 localization by acting as a 
“retainer” (Vigneron et al., 2004). 
 The Mis12 component of the KMN network also plays an extremely vital role in 
microtubule capture, chromosome segregation, and kinetochore assembly.  In the absence of 
the Mis12 complex, chromosomes are misaligned, aneuploidy results, the Ndc80 complex 
does not bind to kinetochores, and proteins both interior (CENP-A and CENP-H) and 
exterior (CENP-E and BubR1) do not localize and function properly (Cheeseman et al., 
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2006; Kline et al., 2006).  The complex is made up of four proteins in humans: hMis12, 
hDsn1Q9H410/Mis13, hNnf1PMF1, and hNsl1DC31/Mis14 (Cheeseman et al., 2006; Kline et al., 2006).  
Like the Ndc80 complex, it is stable at mitotic kinetochores but not at interphase centromeres 
(Hemmerich et al., 2008).  The Mis12 complex appears to serve as a critical linker and 
central hub in the kinetochore – it has been found to bind to many kinetochore components.  
It has been shown in biochemical studies to bind chromatin, the CCAN, KNL-1, Zwint1, and 
the Ndc80 complex (Cheeseman et al., 2006; Cheeseman et al., 2008; Holmstrom et al., 
2009; Kiyomitsu et al., 2007; Kline et al., 2006; Liu et al., 2006; Obuse et al., 2004a).  In 
addition, phosphorylation of one member of the complex, hMis13, was found to be required 
for stable bioriented spindle assembly, tension across the centromere, and recruitment of 
microtubule motor CENP-E (Yang et al., 2008a).  Direct functions of the Mis12 complex 
might not be as apparent as the Ndc80 complex, as it appears not to bind microtubules 
directly, but it is absolutely required for construction and regulation of both the inner and 
outer kinetochore (Kline et al., 2006). 
 The last member of the KMN network is the KNL-1/Blinkin molecule, which also 
complexes with KNL-3.  This complex serves as the true scaffold of the outer kinetochore.  It 
is an extremely large protein that binds many other proteins.  Its significance can be gleaned 
just from its name – the name KNL-1 came from an initial screen of C. elegans proteins that 
returned a “kinetochore null” phenotype when depleted.  Literally, without KNL-1, there is 
no kinetochore (Cheeseman et al., 2006).  Recent studies have elucidated new roles for this 
protein – it is critical for recruitment of the Ndc80 complex, the Mis12 complex, and Zwint-1 
– and thus, by proxy, the whole of the spindle checkpoint signal (Cheeseman et al., 2008; 
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Kiyomitsu et al., 2007).   One of the objectives of this thesis will be to determine the 
orientation and physical properties of the KNL-1 complex. 
    
The Fibrous Corona 
 The final and most exterior portion of the kinetochore is the fibrous corona.  Present 
only when microtubules are non-abundant, this is the most difficult portion of the 
kinetochore to readily identify, and only in the past few years have advancements in imaging 
techniques permitted corona proteins to be differentiated from outer plate proteins.  By 
electron microscopy, the corona appears as a puffy haze around the exterior of the 
kinetochore, looking almost like the hat of a chef (DeLuca et al., 2005; Maiato et al., 2004b; 
McEwen et al., 1993).  The corona is often spoken of consisting of “fibers”, but to date the 
precise protein composition of these fibers is unknown.  Possible candidates include proteins 
CENP-E and CENP-F, both of which are dimers with very long alpha-helical coiled-coil 
domains and are known to populate the kinetochore exterior of the Ndc80 complex (Cooke et 
al., 1997; Liao et al., 1995; Yang et al., 2003; Yao et al., 1997).  Other proteins residing in 
the corona likely bind to this fibrous matrix. 
 The fibrous corona is often linked to the activity of the minus motor dynein, as its 
components are stripped off the kinetochore by this motor during late prometaphase and 
early metaphase (Hoffman et al., 2001; Howell et al., 2001).  This process, which helps to 
silence the spindle assembly checkpoint, will be discussed in depth later in this chapter.  
Other members of the fibrous corona have thus been typically defined as those which can be 
seen to be stripped by dynein.  The most common experiments used to assess this 
phenomenon include treatment with azide and deoxyglucose, which reduces cellular ATP 
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levels by 70-90% and permits dynein to swiftly capture and transport otherwise actively 
cycling coronal proteins (Hoffman et al., 2001; Howell et al., 2001).  Another possible 
method of detecting coronal proteins is simply by their appearance in the light microscope 
when stained with fluorescent antibodies in cells depleted of spindle microtubules by drugs 
like nocodazole; proteins inhabiting the corona have a distinct crescent-shaped morphology 
extending around the periphery of the kinetochore, while those not in the corona retain a 
punctate staining pattern (Hoffman et al., 2001; Howell et al., 2001).  Finally, a protein can 
be said to be coronal if GFP fusions to the protein can be visualized streaming over time 
from kinetochores to the spindle poles.  Based on these criteria, a sample list of proteins 
thought to reside in the fibrous corona include dynein itself, Mad1, Mad2, CENP-E, CENP-
F, BubR1, Rod/ZW10/Zwilch, and many others (Chan et al., 2005; Hoffman et al., 2001; 
Howell et al., 2001).  Most of these proteins share a common aspect: they are key co-factors 
in setup, propagation, and silencing of the spindle assembly checkpoint, which will be the 
focus of the next portion of this chapter.  
 
II. The Spindle Assembly Checkpoint (SAC) 
As mentioned at the beginning of the chapter, the cell relies on a complicated 
mechanism known as the spindle assembly checkpoint to halt anaphase onset in cells until all 
chromosomes are properly aligned at the spindle equator.  This process ensures that the 
genome is faithfully and accurately segregated (reviewed in Musacchio and Salmon, 2007). 
Although the presence of the checkpoint has been known for decades, much still 
remains in question over its details.  It remains a mystery exactly what the checkpoint is 
measuring: is it full occupancy and attachment of microtubules, tension across the 
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centromere, or another factor?  I will present in this thesis that a new factor may feed into the 
checkpoint signal – tension within the kinetochore itself.  This idea will be more fully 
explored in Chapters 2 and 3.  Another controversy is how anaphase onset itself is prevented.  
In general, it is known that the anaphase promoting complex (APC/C) is prevented from 
degrading securin by active cellular sequestering of Cdc20, the APC/C activator.  This then 
postpones activation of separase and hence the separation of sister chromatids (reviewed in 
Musacchio and Salmon, 2007).  Exactly how this process occurs is unknown.  Recent models 
have suggested two separate pathways: a Mad1/Mad2 dependent kinetochore-based 
mechanism for Cdc20 inhibition, and a potentially separate cytoplasmic mechanism 
involving the mitotic checkpoint complex, or MCC (De Antoni et al., 2005; Essex et al., 
2009; McClelland et al., 2007; Nasmyth, 2005).  This section will provide a brief 
introduction to current knowledge on how the checkpoint signal arises in mitotic cells. 
  
Mad1/Mad2: The Major Players 
 As has been documented so far, many proteins in the cell work together to recruit 
Mad1 and Mad2 to the kinetochore during mitosis.  Both Mad1 and Mad2 are located in the 
nucleus and at the interior side of nuclear pores during interphase, and at late prophase both 
can be seen to begin to label kinetochores (Chen et al., 1998; Howell et al., 2000). It is not 
yet clear exactly how Mad1 is recruited to kinetochores, but there have been several 
proposals.  As previously mentioned, an intact Ndc80 complex and Mps1 are both directly 
required to localize Mad1 to kinetochores (Abrieu et al., 2001; DeLuca et al., 2003; Kops et 
al., 2005).  However, neither Hec1/Ndc80 or Mps1 have been shown to have a sustained 
physical relationship with Mad1 (Kops et al., 2005).  A new recently proposed candidate for 
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Mad1 recruitment and anchoring is Spindly, or SPDL-1 in worms.  In C. elegans, silencing 
of SPDL-1 eliminated Mad1/MDF-1 localization at kinetochores, and the two proteins co-
immunoprecipitated in vivo (Yamamoto et al., 2008).  However, this relationship appears to 
not be maintained in higher organisms (Reto Gassman, personal communication, Chapter 3).  
It has also been reported by a number of labs that Mad1 is phosphorylated during its 
recruitment to the kinetochore (reviewed in Bharadwaj and Yu, 2004). There are two 
potential candidates, and both may be involved: Mps1 and Bub1 (Abrieu et al., 2001; 
Bharadwaj and Yu, 2004; Stucke et al., 2004; Xu et al., 2009). In yeast cells, checkpoint 
protein Bub3 reaches kinetochores first, in early prophase.  Bub1 is recruited next, since 
Bub1 localization requires Bub3.  Mad1 and Mad2 localization in yeast require both Bub1 
and Bub3, so temporally they arrive later.  There is evidence in yeast that Bub1/Bub3 act as a 
scaffold at this stage of mitosis, and Bub1 kinase may be phosphorylating Mad1 and coercing 
it to bind at Bub1/Bub3.  More evidence is needed to see if any elements of this hierarchy 
exist in higher eukaryotes (Gillett et al., 2004; Yu and Tang, 2005).  The more likely 
activator of Mad1 is Mps1, as discussed previously.  Mps1 readily phosphorylates Mad1 in 
vitro and most accept that it probably does in vivo as well, although no direct evidence has 
been shown (Abrieu et al., 2001; Bharadwaj and Yu, 2004; DeLuca et al., 2003; Stucke et al., 
2004; Xu et al., 2009).   
An important factor in physical recruitment and anchoring of Mad1/Mad2 at 
kinetochores is the aforementioned Rod/Zwilch/ZW10 complex.  The idea of RZZ as a 
checkpoint activator arose from the observation that depleting the RZZ complex leads to 
impaired recruitment of Mad1 and Mad2 to the kinetochore (Buffin et al., 2005; Kops et al., 
2005).  Checkpoint defects seen in RZZ-depleted cells were not simply due to the lack of 
14 
 
dynein recruitment, as dynein-depleted cells still can recruit Mad1/ Mad2 (Howell et al., 
2001).  Instead, there was some sort of direct link to RZZ being at kinetochores and 
Mad1/Mad2 being at kinetochores.  This relationship is still unclear.  RZZ members and 
Mad2 can be seen to co-localize at kinetochores through metaphase and can even be seen to 
travel down microtubules together in the presence of dynein (Buffin et al., 2005; Howell et 
al., 2001; Wojcik et al., 2001).   However, there are complicating factors that make the 
interaction cloudy.  No direct binding interaction has even been detected between Mad1 and 
RZZ members, something that would have to be true for evidence of a complex of some sort 
(Kops et al., 2005; Williams et al., 2003).  As mentioned, RZZ binding partner 
Spindly/SPDL-1 was found to bind Mad1/MDF-1 in worms (Yamamoto et al., 2008), but this 
relationship does not appear to extend farther up the evolutionary tree (Griffis et al., 2007, 
Chan et al., 2009).  RZZ may play something of a benefactor/stabilizer role for Mad1/Mad2 
at mammalian kinetochores instead of directly interacting (Buffin et al., 2005; Karess, 2005).  
RZZ and Spindly are also critical in cells as one of two main targeting pathways for 
cytoplasmic dynein to kinetochores (Chapter 3).  The many faces of the RZZ complex and its 
relatively recent discovery make it a clear target for future work on the checkpoint. 
An enticing new bit of information came recently in two independent studies showing 
that kinetochores failed to maintain high levels of Mad2 at kinetochores and hence a 
metaphase arrest when the calponin homology domain within the Hec1 N-terminal tail was 
deleted (Guimaraes et al., 2008; Miller et al., 2008).  These results implicate a key role for 
the Ndc80 complex in the setup of the checkpoint signal.  A final potential candidate for 
recruitment comes from the nuclear pores, where Mad1 and Mad2 are resident in interphase 
(Campbell et al., 2001; Iouk et al., 2002; Lee et al., 2008; Scott et al., 2009; Scott et al., 
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2005).  A large nuclear pore protein known as Tpr/Megator binds Mad1 and Mad2 in 
interphase, and with its recent identification as a kinetochore protein in mitosis, may be its 
binding partner in mitosis as well (Lee et al., 2008; Lince-Faria et al., 2009).  The data 
conflicts here however, as one group found that Tpr/Megator bound both Mad1 and Mad2 
(Lee et al., 2008), while another found only a relationship between Tpr/Megator and Mad2 
(Lince-Faria et al., 2009).  More work is certainly needed in this area.  In summary, Mad1 is 
targeted to kinetochores in prophase, likely by some combination of the Ndc80 complex, the 
RZZ complex, Bub1, and Bub3, and is phosphorylated by either Bub1 or Mps1, activated, 
and anchored at the kinetochore.  The sheer number of redundant pathways and recruitment 
factors underscores just how important Mad1 and Mad2 are to the well-being of the cell and 
the organism. 
 Once bound, Mad1 can perform its other main function: attracting and binding Mad2.  
It has been well established almost since the discovery and characterization of the two 
proteins that they had a high affinity for each other and formed a tight bond during mitosis.  
In a number of systems sustaining this tight bond is critical to the spindle checkpoint (Chen 
et al., 1999; Chen et al., 1998).  In fact, when mutations are made to Mad2’s carboxyl 
terminus so that it cannot bind Mad1 (known as Mad2ΔC), it cannot bind to Mad1, it cannot 
bind to anaphase promoting molecule Cdc20, and it cannot sustain the spindle checkpoint 
(Fang et al., 1998; Sironi et al., 2001). Mad2 is structurally malleable and undergoes a 
significant conformational change when it is phosphorylated and binds Mad1 and Cdc20, 
which will be further discussed later.  Mad1 and Cdc20 apparently compete for binding on 
Mad2 (Luo et al., 2002; Sironi et al., 2002). It is important to note that Mad1 is the key figure 
in this partnership; when dominant negative Mad1 is introduced into the system that cannot 
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bind to the kinetochore, Mad2 cannot bind the kinetochore either.  Mad1 can bind the 
kinetochore alone, but Mad2 cannot (Chen, 2002; Chung and Chen, 2002).  Some studies 
have indicated small amounts of Mad2 still present at kinetochores in Mad1-depleted cells 
(Chen et al., 1999; Luo et al., 2002).  What may be happening is that Mad1 is not fully 
depleted, or Mad2 may be localizing to the centromere by another unknown mechanism (like 
Tpr/Megator) but not binding to the kinetochore (Chen et al., 1999; Chung and Chen, 2002; 
Lee et al., 2008; Lince-Faria et al., 2009; Luo et al., 2002).  Mad1 and Mad2 are recruited 
together in late prophase, and they also leave the kinetochore together in metaphase, when 
they are stripped off their binding sites by dynein and transported to the spindle poles as 
previously described.  It is hypothesized that the departure of Mad1 and Mad2 from 
kinetochores is the event that quickly spurs the cessation of the wait-anaphase signal and 
allows Cdc20 to activate the anaphase promoting complex, or APC/C (Buffin et al., 2005; 
Howell et al., 2000; Howell et al., 2001). 
   
The Diffusible Inhibitor and the Template Model 
 Ever since the discovery of Mad1, Mad2, and Cdc20, speculation has consistently 
implicated the three of them in maintenance of the spindle checkpoint.  Early models had 
Mad1 and Mad2 recruited to kinetochores, then Mad2 somehow leaving to sequester Cdc20 
and prevent it from activating APC/C, a potent ubiquitin ligase that targets the degradation of 
Securin to allow Separase’s cleavage of both the cohesions holding sister chromatids together 
and of cyclin B to inactivate the Cdk1 master mitotic kinase, which produces mitotic exit 
(Musacchio and Salmon, 2007; Nasmyth, 2005). Several groups proposed that Mad2 was the 
primary inhibitor of Cdc20, and showed that it formed a tight 1:1 complex with it in the 
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cytoplasm.  When the two were also shown to be together in a complex with the APC/C, it 
seemed as though the mechanism of the spindle checkpoint had been all but deciphered: a 
single copy of Mad2 transiently binds to Mad1 at the kinetochore, then leaves its stably 
bound Mad1 partner, binds tightly to Cdc20 that cycles on and off unattached kinetochores, 
and together these two bind the APC/C (Fang et al., 1998; Howell et al., 2004; Luo et al., 
2000). 
 As is often the case in science, however, the reality turned out to be not quite so 
simple.  Slowly but surely, data was published that forced changes to the original ideas.  As 
previously mentioned, it was discovered that Mad1 and Cdc20 had very similar binding sites 
on Mad2 and may even compete for binding (Luo et al., 2002). This study was followed a 
few months later by a similar study using crystal structure data confirming that Mad1 and 
Cdc20 competed for binding, but also that significant system energy or some other molecular 
effector would be required to destabilize the Mad1-Mad2 bond to form a Mad2-Cdc20 bond 
(Sironi et al., 2002). Dynamic photobleaching studies showed that a portion of Mad2 was 
also remaining stable on Mad1 while another population seemed to be rapidly cycling 
transiently through the system (Howell et al., 2004; Shah et al., 2004). This biphasic nature 
of Mad2 had been somewhat predicted by previous studies implicating oligomerization of 
Mad2 and/or a large-scale Mad2 conformation change in the checkpoint (Luo et al., 2002; 
Sironi et al., 2002).  It was clear that the Mad2 bound to Mad1 or to Cdc20 was 
fundamentally different from the population cycling freely in the cytoplasm.  What was the 
connection? 
 These in vivo observations were confirmed with in vitro experiments, leading to the 
publication in 2005 of what has become known as the “template” model of Mad2 (De Antoni 
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et al., 2005). To quickly summarize, the template model postulates that there are indeed two 
populations of Mad2 in the cell: the free Mad2 in the cytoplasm, known as “open” or O-
Mad2, and the “closed” form bound tightly to Mad1 or Cdc20, known as C-Mad2.  Prior to 
kinetochore localization, most Mad2 is likely O-Mad2 (There is some evidence that Mad1 
and Mad2 remain tightly bound as a complex in interphase, but it is unclear to what extent 
this occurs.  The two have predominantly different localization patterns in interphase).  Upon 
Mad1 binding to the kinetochore, it recruits the O-Mad2.  A conformational change occurs 
upon formation of the tight bond between one subunit of the Mad1 dimer and a Mad2 
molecule.  Each Mad1 subunit can bind a Mad2 molecule.  Once bound, this Mad2 
population remains, for the most part, stable, in vitro (De Antoni et al., 2005). In vivo, the 
stability is harder to pinpoint to date depending on reagents and experimental methods used 
(Howell et al., 2004; Shah et al., 2004).  This stable Mad1/Mad2 pair can then recruit another 
molecule of O-Mad2 from the cytoplasm.  This molecule, however, will bind to the C-Mad2 
at the kinetochore, not Mad1.  This bond is relatively secure, but not as tight as Mad1/Mad2.  
Cdc20 cycles constantly on and off the kinetochore from the cytoplasm, and can bind this 
newly-bound Mad2 molecule with high affinity.  The C-Mad2/Mad1 bond serves as a 
“template” for a new C-Mad2/Cdc20 bond.  Once bound, C-Mad2/Cdc20 is released from 
the kinetochore and can diffuse throughout the cytoplasm to inhibit the APC/C.  
Furthermore, this C-Mad2/Cdc20 complex can also serve as a template, and can self-
assemble more C-Mad2/Cdc20 inhibitory complexes in the cytoplasm independent of Mad1 
and the kinetochore (De Antoni et al., 2005).  
The template model satisfies many questions that had been raised in the past about the 
checkpoint interactions – it never requires competitive binding between Mad1 and Cdc20, 
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which had been worrisome for quick signal initiation (Luo et al., 2002).  It also considers all 
of the “key facts” about the checkpoint that need to be considered in any model, raised in 
Kim Nasmyth’s 2005 review:  
(1) Mad1 binds unoccupied kinetochores and is stably bound to them.  
(2) Mad2 is subsequently recruited to kinetochores by binding Mad1 that has 
previously bound there.  
(3) There are potentially two populations of Mad2 at kineotochores, one turning over 
rapidly and one relatively stable.  
(4) Cdc20 is also recruited to unoccupied kinetochores and forms complexes with 
Mad2 whose mode of interaction may be identical to that between Mad1 and Mad2.  
(5) Mad2 forms dimers.  
(6) Mutation of the amino acid residues within Cdc20 that bind Mad2 abrogates the 
SAC. The whole purpose of the SAC is presumably therefore to catalyze the 
formation of complexes between Mad2 and Cdc20.  
(7) Bub3 and BubR1 also form complexes with Cdc20. Their function is at the 
moment obscure, but it might also be to facilitate complex formation between Mad2 
and Cdc20.  
To these facts, we need to add an additional assumption that is not supported by hard 
facts but instead by intuition. Because the amount of Mad1 at kinetochores is much 
less than the amount of Cdc20 in the cell that must eventually be sequestered by 
Mad2, the SAC cannot work merely by recruiting Cdc20 to kinetochores where it 
binds to Mad2 recruited there by Mad1. 
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As Nasmyth alludes, there are still questions to be answered, but as a barebones model of 
how the propagation of the checkpoint signal occurs, the template model works well based 
on current knowledge in the field. 
  
The Mitotic Checkpoint Complex (MCC) 
 As Nasmyth and earlier elements of this paper also alluded, proteins such as Bub3 
and BubR1/Mad3 seem to be playing an integral role in the spindle checkpoint, but it is 
unclear exactly what that role is.  Furthermore, the template model appears insufficient to 
fully explain the checkpoint signal, as computer models have shown that its theorized model 
cannot silence the checkpoint quickly enough (Doncic et al., 2005; Ibrahim et al., 2008a; 
Ibrahim et al., 2008b; Ibrahim et al., 2009).  Clearly BubR1 signaling is required for proper 
checkpoint function (Chen, 2002; Chung and Chen, 2002; Mao et al., 2005), but its complex 
localization, recruitment, and kinase activity profile have been complicating issues.  Several 
groups in recent years have proposed a role for these proteins as part of a conserved complex 
known as the mitotic checkpoint complex, or MCC.  The complex has been identified in 
yeast, potaroo PtK cells, and human cells ((Millband and Hardwick, 2002; Sudakin et al., 
2001), JV Shah, personal communication). The complex consists of tightly-bound 
BubR1/Mad3, Bub3, Mad2, and Cdc20, with the KEN-box motif of BubR1 appearing to be 
particularly important in the interaction (Burton and Solomon, 2007; Sczaniecka et al., 2008).  
There appears to be some systematic differences in how this complex is formed and 
maintained.  It has been suggested that the MCC in human cells is present throughout the cell 
cycle, and even in small amounts during interphase (Sudakin et al., 2001).  The complex can 
only bind and inhibit APC/C, however, during mitosis, indicating some sort of 
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conformational change or change in affinity that has not been explored.  In yeast, however, it 
appears that the complex is formed at the kinetochore in mitosis only (Millband and 
Hardwick, 2002; Poddar et al., 2005). 
Regardless of the differences, discovery of this complex has added a dramatic new 
element to ideas about how the spindle checkpoint works.  It has been found that this 
complex is an extremely potent inhibitor of the APC/C, astonishingly more so even than 
Mad2 alone, BubR1 alone, or Mad2-Cdc20 (Millband and Hardwick, 2002; Poddar et al., 
2005).  These results had been predicted by earlier work suggesting that BubR1 had a higher 
affinity for Cdc20 than Mad2 did for Cdc20 (Fang, 2002).  BubR1/Cdc20 is not found as an 
isolated complex in mitotic cells (Sudakin et al., 2001) so this higher inhibitory ability is put 
to good use as part of the MCC complex.  Interestingly, MCC inhibition of the APC/C 
appears to first require binding of Mad2 (Kulukian et al., 2009; Malureanu et al., 2009).  
Initial reports had theorized that somehow the MCC was a replacement or a re-imagining of 
the Mad2/Cdc20 inhibitory complex, but recent work has shown that both complexes are at 
work in cells, and their different properties are well-fitted for the requirements of the 
checkpoint response (Burton and Solomon, 2007; Essex et al., 2009).  In human cells, the 
Mad2/Cdc20 complex is much more prevalent than the MCC, but the MCC is able to act 
immediately to inhibit APC/C after mitotic entry since it is already formed in interphase.  
Once Mad2/Cdc20 production ramps up in prometaphase, it takes over as the more numerous 
and more prevalent inhibitor (Poddar et al., 2005), although in D. melanogaster, the 
relationship seems to be somewhat opposite, with Mad2 chiefly responsible for prometaphase 
arrest and the MCC being responsible later in mitosis (Orr et al., 2007). Together, the MCC 
and Mad2/Cdc20 prevent precocious anaphase to allow unattached kinetochores time to hook 
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up to the spindle via microtubules and align themselves at the metaphase plate for accurate 
segregation. 
 
III. Dynein/Dynactin at Kinetochores 
 The last section of this chapter will briefly examine how the minus motor dynein and 
its cofactor dynactin are recruited to kinetochores.  Dynein has myriad roles in the cell, both 
in the cytoplasm and at kinetochores, at mitosis, and in interphase.  Its most well-
characterized role is as a silencing factor in the spindle checkpoint, as it strips checkpoint 
proteins off the fibrous corona and the core kinetochore as mentioned earlier (Basto et al., 
2004; Hoffman et al., 2001; Howell et al., 2001; Wojcik et al., 2001).  Dynein has four 
structural domains: a heavy chain that contains the motor domain and an interaction site with 
co-factor dynactin; a light intermediate chain that serves as a linker, and intermediate and 
light chains that chiefly regulate the cargo binding of the molecule (Hook and Vallee, 2006).  
Dynein has traditionally been a difficult protein to work with in molecular biology 
experiments, as its large size, numerous cofactors, and many cellular functions make 
interference or overexpression experiments cumbersome (Howell et al., 2001).  Recent 
advances, however, have helped add more to the growing and sometimes contradictory 
literature on dynein.  For example, we now know specifically that Cdk1 phosphorylation of 
dynein light intermediate chain 1 (LIC1) is required for the previously mentioned interaction 
with and stripping of the RZZ complex and Mad1/Mad2 (Mische et al., 2008; Sivaram et al., 
2009).   
 For its kinetochore roles, dynein appears to be targeted via two different pathways: 
through the RZZ/Spindly complex (Civril and Musacchio, 2008; Gassmann et al., 2008; 
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Griffis et al., 2007; Vallee et al., 2006; Varma et al., 2006), and also through a pathway 
specified by protein CENP-F, NudE, and NudEL (Liang et al., 2007; Ma et al., 2006; 
Stehman et al., 2007; Vergnolle and Taylor, 2007; Wainman et al., 2009; Zhou et al., 2006).  
The two pathways likely are not fully exclusive of one another, as both tie back in to the 
KMN network through binding interactions with KNL-1 and Mis12 (Cheeseman et al., 2006; 
Kiyomitsu et al., 2007), however, disruption of one pathway by RNAi does not disrupt the 
other, perhaps indicating a redundant role (Chan et al., 2009).  The rest of this chapter will 
introduce these two pathways, which will be explored more in depth in Chapter 3. 
 
Zwint1/RZZ/Spindly Regulation of Dynein at Kinetochores 
 Zwint-1 was identified as a binding partner of the Mis12 inner kinetochore complex 
along with the Ndc80 complex.  Zwint-1 only comes to the inner kinetochore region at 
mitosis in early prophase, after the Mis12 complex has firmly established an association with 
HP1 (Obuse et al., 2004a; Wang et al., 2004). It is then subsequently deposited on the outer 
plate of the kinetochore, where it remains throughout mitosis.  Interestingly, there seems to 
be no homolog for Zwint-1 in yeast, indicating that this particular branch of the kinetochore 
family was developed by metazoans to further enhance the power of spindle checkpoint 
machinery (Wang et al., 2004).  This observation does not mean, however, that Zwint-1 is an 
ancillary component of the kinetochore and spindle checkpoint machinery.  In fact, depletion 
of Zwint-1 results in the breakdown of the checkpoint signal, with cells proceeding 
precociously through anaphase with lagging chromosomes and chromatin bridges (Wang et 
al., 2004).  These errors lead to multinucleation and nondisjunction events that are conducive 
to catastrophic conditions such as cancer and developmental defects.   
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 Zwint-1’s kingpin role in the hierarchy of the early checkpoint signal was bestowed 
due to its crucial role in the recruitment of other signaling molecules and its linkage to the 
core structural elements of the kinetochore and the centromere.  Zwint1 was shown to be 
crucial for the localization of Zeste White 10 (ZW10) to the kinetochores, as well as the 
kinetochore localization of CENP-F (Obuse et al., 2004a; Wang et al., 2004).  Zwint-1 is a 
crucial scaffold that forms a vital base for checkpoint proteins and microtubule-associated 
proteins further downstream. 
Although Zwint-1 is further upstream than its binding partner ZW10, ZW10 was 
actually characterized first.  Zwint-1 was discovered in a yeast two-hybrid screen for binding 
partners of ZW10 (Obuse et al., 2004a; Wang et al., 2004).  Through similar screens, it was 
determined that ZW10 is bound in a complex at the kinetochore to two other proteins that 
share the same localization, migration, and functional patterns (Basto et al., 2004; Karess, 
2005; Scaerou et al., 2001; Williams et al., 2003).  These two proteins are known as Rough 
Deal, or Rod, and Zwilch  All of these proteins are cytoplasmic during interphase, but are 
quickly recruited to kinetochores after nuclear envelope breakdown once Zwint-1 is recruited 
to the kinetochore (Basto et al., 2004; Karess, 2005; Kops et al., 2005).  All three of these 
proteins colocalize together at the kinetochore in mitosis and their mutant phenotypes are 
identical and not additive, indicating that they form a tight complex and perform at least 
partially redundant functions (Scaerou et al., 1999; Scaerou et al., 2001; Williams et al., 
2003).   
The precise functions of these proteins are not clear.  They seem to have many irons 
in the fire as far as mitosis and the spindle checkpoint are concerned, but once again the roles 
appear to be confusing, different in various model organisms, and overlapping.  What is 
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known is that ZW10 is the chief binder to upstream components.  Without a specific 80 
amino acid Zwint-1 binding sequence on its amino terminus, ZW10 cannot localize to 
kinetochores and its function, whatever it may be, ceases (Wang et al., 2004). This indicates 
that the Rod/ZW10/Zwilch complex (from here referred to as RZZ) cannot perform its 
function unless it is properly bound at the kinetochore.  In addition, it has been determined 
that although the initial recruitment of RZZ to kinetochores occurs through Zwint-1, most 
subsequent recruitment from the cytoplasm, which continues throughout mitosis, occurs 
through a self-catalytic mechanism that tacks on more RZZ complexes to the original like 
“Lego bricks” (Buffin et al., 2005; Karess, 2005; Wang et al., 2004).  The RZZ complex is 
proposed to have two distinct functions that are each important for the integrity of the spindle 
checkpoint: attracting cytoplasmic dynein and dynactin to the kinetochore, and 
attracting/anchoring checkpoint proteins Mad1 and Mad2 to the kinetochore (Figure 1.3, 
Karess, 2005).  
 The role of RZZ in the recruitment of dynein/dynactin to kinetochores is complex.  
Dynamitin, also known as p50, is a component of dynactin, and has been shown to bind to 
both ZW10 and Rod (Basto et al., 2004; Karess, 2005).  In fact, all three members of the 
RZZ are needed in order to bring dynein/dynactin to the kinetochores; single mutations in 
any of the three result in mislocalization (Williams et al., 2003).  In addition, ZW10 has been 
proposed to even have a targeting role for cytoplasmic and cortical dynein/dynactin in 
interphase; this result partially explains strange phenotypes encountered in ZW10 RNAi 
experiments in the early part of this decade (Inoue et al., 2008; Vallee et al., 2006; Varma et 
al., 2006). The recruitment powers of the RZZ for dynein/dynactin seem to be fairly specific 
to the kinetochore, as dynein can be seen at spindle poles and elsewhere throughout mitotic 
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cells even when RZZ components are absent (Williams et al., 2003). Although RZZ appears 
to play a helpful role in recruiting dynein/dynactin, the two factions actually likely play 
antagonizing roles in the spindle checkpoint and in mitosis as a whole.   
An interesting feature of the RZZ complex is the fact that in several systems (e.g., 
Drosophila embryos) it shifts localization during mitosis: it localizes to kinetochores in early 
prometaphase, streams onto kinetochore microtubules during metaphase, and then returns to 
kinetochores in anaphase (Basto et al., 2004; Karess, 2005; Wang et al., 2004).  There is one 
notable exception to this pattern: human Zwilch protein stays on kinetochores in metaphase 
while Rod and ZW10 stream onto kinetochore microtubules, and Zwilch disappears 
completely from kinetochores during anaphase, when Rod and ZW10 reappear.  It is unclear 
why this occurs and why it is seen only in human cells to this point (Williams et al., 2003).  
There is an explanation for this odd shift in localization: dynein function.  Kinetochore 
dynein has been implicated in the “stripping” of kinetochore proteins, such as RZZ, 
Mad1/Mad2, CENP-E, and Cdc20 in the fibrous corona, along microtubules to the poles once 
microtubule capture has occurred (Buffin et al., 2005; Howell et al., 2001; Wojcik et al., 
2001). Cells with depleted or inhibited dynein/dynactin keep these proteins at kinetochores 
and have significant metaphase delays, and the localization pattern shifting of RZZ is not 
seen (Basto et al., 2004; Howell et al., 2001; Karess, 2005; Williams et al., 2003; Wojcik et 
al., 2001).  Thus, as in famed vampire stories of old, RZZ invites dynein to the kinetochore, 
but seeds its own demise (delocalization to the spindle poles) in the process.  These 
observations have led to proposals that RZZ and dynein play opposite roles in the spindle 
checkpoint.  RZZ, particularly ZW10, is an activator of the spindle checkpoint by way of 
recruitment and stabilization of checkpoint proteins Mad1 and Mad2, while dynein acts as a 
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checkpoint silencer, stripping corona proteins like RZZ and Mad1/Mad2 off of kinetochores 
to the poles, stopping production of the wait-anaphase signal and allowing the cells to go into 
anaphase (Buffin et al., 2005; Howell et al., 2001; Williams et al., 2003; Wojcik et al., 2001). 
 The most recently characterized member of the RZZ complex is a downstream 
binding protein originally discovered in a C. elegans screen and later characterized in D. 
melanogaster known as Spindly (Gassmann et al., 2008; Griffis et al., 2007; Sauer et al., 
2005).  Like ZW10, Spindly can bind directly to dynein/dynactin, though it is not entirely 
clear how this occurs.  One group found that dynactin could localize to kinetochores in the 
absence of Spindly while dynein heavy chain could not (Griffis et al., 2007), while another 
found that a mutation to a specific region of the hSpindly sequence resulted in no dynactin 
localization at all (Reto Gassmann, personal communication).  Spindly requires both the 
KNL-1 and Ndc80 complexes to localize (Gassmann et al., 2008).  Spindly also has been 
proposed to have a role in a complex model that physically regulates kinetochore 
microtubule attachment and the spindle assembly checkpoint, but that model is controversial 
and not fully tested (Gassmann et al., 2008).  Numerous labs have begun work on the Spindly 
protein, all with slightly different results.  My analysis is found in Chapter 3, but other labs 
have found a number of cellular effects that occur as a result of Spindly depletion.  They 
include reduction in interkinetochore stretch, loss of dynein specifically at kinetochores (i.e. 
dynein function elsewhere in the cell is not affected), and a significant delay in mitosis with 
numerous chromosomes unable to align at the spindle equator (Chan et al., 2009; Gassmann 
et al., 2008; Griffis et al., 2007; Yamamoto et al., 2008).  For further analysis of Spindly, see 
Chapters 3 and 4. 
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CENP-F/NudE/NudEL Regulation of Dynein at Kinetochores 
 The other well-characterized pathway for dynein recruitment and activation at 
kinetochores is through a pathway dictated by outer kinetochore protein CENP-F.  This 
protein, which is likely anchored to Bub1 or KNL-1 near the inner face of the outer plate 
(Holt et al., 2005; Hussein and Taylor, 2002; Johnson et al., 2004; Vergnolle and Taylor, 
2007).  CENP-F then specifies recruitment of two other proteins with dynein recruitment 
capability: NudE and NudEL, or Nde1 and Ndel1, respectively, in humans (Niethammer et 
al., 2000; Smith et al., 2000; Stehman et al., 2007; Vergnolle and Taylor, 2007; Wainman et 
al., 2009).  Nde1 and Ndel1 interact with Lis1, another dynein/dynactin cofactor 
(Niethammer et al., 2000; Stehman et al., 2007; Vergnolle and Taylor, 2007).  Ndel1 does 
not bind dynein directly but can bind dynactin.  Nde1 binds dynein directly through Lis1 and 
through dynein light intermediate chains.  Depletion of Nde1 results in heavily impaired 
localization of Ndel1 or dynein/dynactin to kinetochores.  Dynein can still bind in the 
absence of Ndel1, but cells have trouble aligning and segregating chromosomes in mitosis 
(Niethammer et al., 2000; Stehman et al., 2007; Vergnolle and Taylor, 2007). 
 My thesis will focus more on the Spindly pathway of dynein recruitment than the 
CENP-F/Nde1/Ndel1 pathway, but this is certainly an interesting group of proteins for 
further study.  It seems likely that there are more underlying connections between the two 
dynein pathways, and that they must share some functional redundancy in the event that one 
arm is disabled.     
 
IV. Conclusions  
 As has been documented, there are dozens of proteins that play crucial roles in the 
construction of the kinetochore and the preparation and execution of the “wait-anaphase” 
signal that prevents premature and inappropriate chromosome segregation in all living cells.  
Scientists have been able to visualize and conceptualize mitosis for nearly a century, but 
nascent understanding of how such an error-prone process can actually occur so faithfully 
has only come in the last decade with the characterization of the spindle assembly 
checkpoint.  From the centromeric DNA, to Zwint1, to RZZ, to the MCC, a staggeringly 
intricate series of reactions and interactions must come together during every cycle of 
division in order to prevent cell death, cancer, and developmental disorders.  Formation of 
the inner and outer kinetochore during the early stages of mitosis serves as a backbone for the 
recruitment of the Mads and the Bubs, proposed correctly in the early days of the checkpoint 
field to be the active molecules in the sequestering of Cdc20 and the inhibition of the APC/C.  
There are clearly dedicated relationships and defined upstream and downstream components, 
but the hierarchy is far from linear and many localizations, interactions, and binding partners 
still must be unraveled. 
 Future work will also take place as part of a systems biology approach.  The days of 
theorizing on mechanism with biochemistry and molecular biology techniques alone are 
over.  Future approaches will also need to integrate clever high-resolution microscopy and 
cellular labeling techniques, as well as computer modeling to definitely come to any sorts of 
conclusions about how this intimidating process really takes place.  Such efforts have already 
begun to infiltrate the literature – in 2005 an Israeli group evaluated proposed models of the 
checkpoint based on known temporal and kinetic parameters based on in vivo and in vitro 
experiments (Doncic et al., 2005). Studies such as this one are important because they can go 
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beyond cartoon theoretical models and make definitive guesses about what is and is not 
possible in a mechanism.  They also can suggest future work – for example, the Israeli study 
showed that the template model alone as published is not sufficient for the checkpoint.  Such 
a mechanism accurately fits needed parameters for ramping up the checkpoint signal, but the 
proposed mechanism is likely not physiological because it could not be shut off quickly 
enough (Doncic et al., 2005). 
 In this dissertation, I hope to take some small steps towards the “next” generation of 
kinetochore protein studies.  We have developed a method we call Kinetochore Speckle High 
Resolution Co-Localization (K-SHREC) where we measure separation distances between red 
and green protein fluorescent labels by a “Delta” calculation that allows us to circumvent the 
Abbe diffraction limit in the light microscope (Chapter 2).  Our goal was to develop a 
method that would allow for electron microscopy-level resolution with light microscope 
reagents and preparations, and in the end our analytical algorithm permits resolution at a 5-10 
nm scale.  Using two color indirect immunofluorescence, we have been able to reliably 
measure the average distance along the metaphase interkinetochore axis between the 
centroids of two protein labels within human kinetochores.  One protein is labeled with a 
green fluorophore, the other with red.  This method can also help reveal the physical nature 
of protein linkages – we will examine how the distance between selected proteins varies over 
the range of chromosome oscillations.  If the separation, Delta, varies over the oscillation 
range, we can conclude that the linkage between the two given proteins is compliant like a 
spring.  If the distance remains constant, those two protein labels are rigidly linked. 
 With this new K-SHREC technique, we can also begin to address other longstanding 
questions in the kinetochore field.  Now, instead of simply measuring tension between two 
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sister kinetochores across the centromere, we can examine tension and stretch within 
individual kinetochores.  I will propose that this intrakinetochore stretch is just as important, 
if not more so, than interkinetochore stretch with regards to establishment and satisfaction of 
the spindle assembly checkpoint signal (Chapter 3).  I will also examine the role of dynein in 
establishment of this intrakinetochore tension, by way of knocking down Spindly, an RZZ 
complex-associated protein implicated in recruitment of dynein to kinetochores (Griffis et al., 
2007, Gassmann et al., 2008).  In addition, I will use our Delta method and this Spindly 
knockdown background to localize Mad1 at aligned kinetochores, an experiment usually 
impossible since dynein strips Mad1 off of kinetochores in late prometaphase.  By keeping 
dynein away from the kinetochore, or at least significantly hampering its localization and 
roles there, enough Mad1 is left behind to measure its position by K-SHREC (Chapter 3). 
 My hope is that studies like this one, which are now being undertaken at top labs 
throughout the world, will take us beyond the era of epistasis, where we can only establish 
the order of kinetochore protein assembly and hierarchy of this substructure via one-by-one 
protein knockdowns.  Instead, in the future we can hopefully produce a protein blueprint of 
the entire kinetochore, including proteins that are transient residents there.  These future 
experiments will be key to a full understanding of cell division and proliferation, with 
implications for a wide range of human disease. 
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Figures 
 
Figure 1.1.  Molecular organization of the vertebrate kinetochore.   
From Musacchio and Salmon, 2007.  Used with permission of Nature Publishing Group, 
copyright 2007. 
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Figure 1.2: The Mad2 template model of the spindle assembly checkpoint.   
From De Antoni et al. (2005).  Used with permission from Cell Press, copyright 2005. 
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Figure 1.3: Roles of RZZ complex in recruitment of Mad1/Mad2 and dynein/dynactin 
 
The Rod/Zwilch/ZW10 complex is essential for recruitment of SAC proteins Mad1 and 
Mad2 and is a major recruiting factor for dynein/dynactin through ZW10 and Spindly.   
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CHAPTER 2: PROTEIN ARCHITECTURE OF THE HUMAN KINETOCHORE 
MICROTUBULE ATTACHMENT SITE 
Contributing Authors: Ryan P. O'Quinn, Xiaohu Wan, Heather L. Pierce, Ajit P. Joglekar, 
Walt E. Gall, Jennifer G. DeLuca, Christopher W. Carroll, Song-Tao Liu, Tim J. Yen, Bruce 
F. McEwen, P. Todd Stukenberg, Arshad Desai, and E.D. Salmon 
 
Abstract 
Chromosome segregation requires assembly of kinetochores on centromeric 
chromatin to mediate interactions with spindle microtubules and control cell cycle 
progression. To elucidate the protein architecture of human kinetochores, we developed a 
two-color fluorescence light microscopy method that measures average label separation, 
Delta, at < 5 nm accuracy. Delta analysis of 16 proteins representing core structural 
complexes spanning the centromeric chromatin - microtubule interface, when correlated with 
mechanical states of spindle-attached kinetochores, provided a nm-scale map of protein 
position and mechanical properties of protein linkages. Treatment with taxol, which 
suppresses microtubule dynamics and activates the spindle checkpoint, revealed a specific 
switch in kinetochore architecture. Cumulatively, Delta analysis revealed that compliant 
linkages are restricted to the proximity of chromatin, suggested a model for how the KMN 
(KNL1/Mis12 complex/Ndc80 complex) network provides microtubule attachment and 
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generates pulling forces from depolymerization, and identified an intrakinetochore molecular 
switch that may function in controlling checkpoint activity.  
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Introduction 
Kinetochores are protein assemblies at the periphery of centromeric chromatin that 
are required for segregating chromosomes in all eukaryotes (Maiato et al., 2004a). Robust 
spindle microtubule (MT) plus-end attachment is "end-on" and MTs bound to kinetochores 
are known as kinetochore microtubules (kMTs,(Rieder, 1982). The number of MTs bound 
per kinetochore can be as few as one for budding yeast and up to 20 in humans (Maiato et al., 
2004a; Rieder, 1982). By electron microscopy, human kinetochores show a multilayered disk 
structure (Dong et al., 2007; Maiato et al., 2004a). The periphery of centromeric chromatin 
has higher density and is called the inner plate, followed by a low contrast gap of 20-30 nm, 
an outer plate 40-50 nm thick, and a peripheral fibrous corona extending 100-200 nm away 
from the outer plate. Protofilaments at plus ends of kMTs curve inside-out by various degrees 
near the inner surface of the outer plate and kMTs rarely penetrate centromeric chromatin 
(Dong et al., 2007; McIntosh, 2008; VandenBeldt et al., 2006).  Multiple sites for end-on 
kMT attachment are formed by weak lateral interactions between individual sites at the 
centromere periphery (Brinkley et al., 1992; Cimini et al., 2004). These observations suggest 
that protein linkages along the inner-outer kinetochore axis connect centromeric chromatin to 
spindle MTs. 
Information about relative inside-out locations of different proteins at kinetochores 
has been obtained from epistasis assays  in conjunction with  protein-protein interaction data 
(Cheeseman and Desai, 2008; Cheeseman et al., 2008; Foltz et al., 2006; Liu et al., 2006; 
Maiato et al., 2004a; Musacchio and Salmon, 2007). The inner domain of the kinetochore is 
assembled from proteins constitutively present at centromeres during the cell cycle. First is 
CENP-A, a variant of histone H3, that replaces H3 in nucleosomes of chromatin at the base 
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of the kinetochore (Blower et al., 2002). Following CENP-A are 14 proteins known as the 
constitutive centromere-associated network (CCAN) (Cheeseman and Desai, 2008; Foltz et 
al., 2006). Unlike the constitutively localized proteins, outer kinetochore proteins are 
assembled at kinetochores beginning at prophase and leave kinetochores at the end of 
mitosis. Important are three highly conserved protein complexes (the KMN Network) which 
assemble stably within the outer kinetochore to produce core attachment sites for kMTs 
(Cheeseman et al., 2006; Cheeseman and Desai, 2008; DeLuca et al., 2006; McAinsh et al., 
2006; Tanaka and Desai, 2008): the Mis12 complex of four proteins (hMis12, 
hDsn1Q9H410/Mis13, hNnf1PMF1, hNsl1DC31/Mis14), hKnl1/Blinkin (Cheeseman et al., 2008; 
Kiyomitsu et al., 2007), and the 4-subunit Ndc80 complex (comprised of Hec1/hNdc80, 
Nuf2, Spc24 and Spc25). Other outer domain components transiently associate with 
kinetochores after entry into mitosis (Liu et al., 2006; Musacchio and Salmon, 2007) and 
include spindle assembly checkpoint (SAC) components, MT motor proteins, the large 
coiled-coil protein CENP-F, and MT-binding proteins that regulate plus-end assembly 
dynamics (Musacchio and Salmon, 2007).   
  To achieve a high resolution picture of kinetochore protein architecture, a method is 
needed that approaches the nm resolution of electron microscopy, but also has molecular 
specificity. Here we describe a fluorescence microscopy method that we developed that 
measures the average separation, Delta, between proteins labeled with two different 
fluorophores at < 5 nm accuracy along the inner-outer axis of human metaphase  
kinetochores. Our Delta assay calculates an average value from measurements obtained from 
sister kinetochore pairs in order to correct for chromatic aberration locally. To show that 
individual sister kinetochores exhibit similar values, we employed a technique previously 
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developed for measuring separation distances within single molecules (Churchman et al., 
2005).  We have assayed 19 epitopes in 16 proteins representing all of the distinct protein 
groups comprising core kinetochore structure to yield to our knowledge the first nm scale 
map of average protein position for the human kinetochore.  We were also able to obtain 
measurements of the stiffness of the different protein linkages because at metaphase, sister 
kinetochore pairs exhibit directional instability that produces oscillations in the stretch of 
centromeric chromatin between sisters (Maiato et al., 2004a).  Only proteins like CENP-A 
and CENP-C that bind DNA were found to be compliant; the other linkages were stiff during 
metaphase oscillations. We added taxol to metaphase cells to test if there were any 
significant changes in kinetochore protein architecture when kMTs are stabilized, 
centromeric stretch lost, and the SAC activated (Maiato et al., 2004a). We discovered two 
major changes including the selective inward movement of the Ndc80 complex and outward 
movement of the motor domain of the kinesin CENP-E. Finally, we employed a modified 
two-color co-localization assay to locate the ends of kMTs relative to the MT-binding Ndc80 
complex. Cumulatively, our assays provide a novel molecular resolution view of a 
macromolecular machine with a central role in cell division and reveal the mechanical nature 
of specific protein linkages at kinetochores as well as large scale changes in kinetochore 
architecture induced by suppression of MT dynamics. 
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Materials and Methods 
Cell Culture and Drug Treatment 
HeLa and PtK2 cells were cultured as described previously (DeLuca et al., 2005; 
Howell et al., 2000). For nocodazole experiments, cells were incubated in DMEM (Gibco, 
Carlsbad, CA) containing 20μM nocodazole for 20 min before fixation. For taxol 
experiments, cells were incubated in DMEM (Gibco) containing 10μM taxol for 1 h before 
fixation.  
 
Spc24 and Spc25 Antibody Epitope Mapping 
Peptide arrays (containing peptides of 15 amino acids in length with a 7 amino acid 
overlap) covering the entire human Spc24 and Spc25 sequences were generated (New 
England Peptide, Gardner, MA). Peptides were spotted on nitrocellulose and subjected to an 
immunoblot using polyclonal antibodies raised to Spc24 and Spc25 (McCleland et al., 2004). 
 
Antibodies 
Primary antibodies were diluted as follows in 5% boiled donkey serum: Hec1 9G3 
monoclonal 1:500 (raised in mouse) (Abcam, Cambridge, MA); anti-Spc24 and -Spc25 
(raised in rabbit) at 1:500 (Dr. P.T. Stukenberg, University of Virginia, McCleland et al, 
2004); anti-CENP-A, and -CENP-T (rabbit) at 1:1000 (Dr. Aaron Straight, Stanford 
University Medical Center); anti-Bub1 (raised in sheep) and -CENP-F (rabbit) at 1:1000 
(Dr. Stephen Taylor, University of Manchester); anti-hKnl1(Blinkin) mid-molecule epitope, -
hKNL3, and -hNsl1/DC31 at 1:700, anti-hKnf1/PMF1 (all rabbit) at 1:500; anti-Mis12,   
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-CENP-I, and -CENP-C (all rabbit) at 1:500, anti-CENP-E 6A, -CENP-E Hx1, and -CENP-F 
at 1:1000; anti-hKnl1(Blinkin) N-terminus (mouse) at 1:20 (Dr. Mitsuhiro Yanagida, Kyoto 
University); and anti-GFP (rabbit) at 1:500 (Abcam). See Table 2.2 for more details. All 
secondary antibodies (Jackson Immunoresearch, West Grove, PA) were used at 1:200 
dilution in 5% boiled donkey serum. 
 
Immunofluorescence and Fluorescence Imaging 
Immunofluorescence using 4% paraformaldehyde as fixative was carried out as 
described previously (Howell et al., 2000), with the exception of primary antibodies to 
Spc24, Spc25, CENP-T, CENP-C, CENP-I, CENP-E 6A, CENP-E HX1, and CENP-F being 
fixed in 2% paraformaldehyde. In short, cells were permeabilized in 0.5% Triton X-100 in 
PHEM buffer, fixed for 20 min in paraformaldehyde, rinsed, blocked in 5% boiled donkey 
serum at room temperature for 30 min, and incubated overnight in primary antibody diluted 
in 5% BDS at 4°C. The next morning, cells were rinsed, incubated in secondary antibodies at 
1:200 dilution in 5% boiled donkey serum, rinsed, counterstained with DAPI, rinsed, and 
mounted on coverslips in 95% glycerol/0.5% n-propyl gallate mounting media (refractive 
index 1.46) (Cimini et al., 2001). Anti-CENP-A staining required immunofluorescence using 
methanol as fixative as follows: Cells were placed in -20°C methanol followed by blocking 
in AbDil (1XTBS + 2% BSA, 0.1% Triton-X100, 0.1% NaN3). Primary antibodies diluted in 
AbDil were incubated overnight at 4°C. Coverslips were washed four times in AbDil. 
Secondary antibodies were applied to the cells for 45 minutes followed by three washes in 
AbDil.  Cells were then placed in Hoechst diluted in AbDil followed by two washes in 1X 
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TBS + 0.1% Triton-X. Coverslips were sealed in 95% glycerol/0.5% n-propyl gallate 
mounting media (Cimini et al., 2001). 
For all samples, digital images were acquired using a Yokogawa (Tokyo, Japan) 
CSU10 Spinning Disk Confocal Fluorescence microscopy system (Maddox et al., 2003), a 
Nikon (Melville, NY) 100X 1.4 NA DIC Apochromatic objective, and a Hamamatsu 
(Hamamatsu, Japan) Orca AG cooled charge coupled device (CCD) camera at a 
magnification of 65 nm/pixel at the detector. Metaphase cells with metaphase plates 
perpendicular to the coverslip surface were identified by eye, and then red and green image 
pairs were acquired at 200 nm intervals along the Z-axis through the cell to obtain two-color 
3D image stacks. 
 
Delta Assay 
Centroid analysis: To obtain the centroids of red and green fluorescent labels at kinetochores 
of sister pairs, we used nonlinear curve-fitting methods (lsqcurvefit in MATLAB, The 
Mathworks, Natick, MA) that apply to our 3D image stacks least-square curve fitting with a 
3D Gaussian function (Thomann et al., 2002). This was accomplished with a customized 
MATLAB program with graphical user interface (GUI) that was developed to make it easy to 
scroll along the z-axis through the 3D image stacks and identify sister kinetochore pairs near 
the same plane of focus for semi-automated analysis of the 4 centroid positions (i.e. a red and 
green one at each sister). The fitting volume for an individual kinetochore’s fluorescence was 
initially set by estimation, typically 7*7 pixels and 5 frames. After the first fitting, the area 
was adjusted based on size from the fitting results. Then the fitting was performed again 
under the adjusted area.  The 3D Gaussian function reports independent variances for x, y 
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and z dimensions.  Rotation transformation was also introduced to the Gaussian function. 
The independent variances and rotation transformation made the fitting more accurate than a 
simple Gaussian function. Most kinetochore fluorescence had a peak intensity of 200-400 
counts (equivalent to >16000 photons collected from the entire kinetochore) above a low 
noise background yielding high values for the peak signal to noise ratio, (SNR > ~30). That 
put the accuracy of an individual centroid measurement within less than 5 nm (Thomann et 
al., 2002, Churchman et al., 2005, Churchman and Spudich, 2008). 
 
Primary Delta measurement with chromatic aberration correction 
In order to correct for chromatic aberrations of the microscope, which can vary 
between sister kinetochore pairs, the separation distance (Delta) was calculated as an average 
of a sister kinetochore pair as described in Fig. 2.1D, where Delta is calculated from the 
projections of the mean separation of protein labels within each kinetochore onto the inter-
kinetochore axis, which was usually determined by a line through the Hec1 9G3 centroids. 
 
Tilt correction  
Fluorescent images of kinetochores were frequently elliptical in cross-section because 
the face of the kinetochore was sufficiently wider than the kinetochore depth along the inner-
outer axis. They often appeared tilted to the interkinetochore axis (Fig. 2.1B; Fig. 2.S3A).  
The 3D Gaussian function reported the orientations of the major and minor axes of symmetry 
for each kinetochore fluorescent label. These orientations were used to determine the tilt of 
the face of the kinetochore, theta (Θ), relative to the interkinetochore axis. We found for each 
kinetochore that the tilt angle for the red fluorescence was always nearly equal to the green 
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fluorescence (Fig. 2.S3B-C), indicating that all the protein linkages inbetween the red and 
green labels were oriented in the same way. 
The mean value of Θ for a sister kinetochore pair was calculated by averaging the 
four tilt angles, two green tilt angles and two red tilt angles. Each tilt angle was measured by 
the angle between the perpendicular to the K-K axis and the long axis of the kinetochore 
fluorescence. The orientation of the long axis was obtained from the Gaussian fitting method, 
which also yielded the dimensions of the kinetochore fluorescence. Some kinetochore 
fluorescent images appeared round. Some had a more elliptical shape. The orientation of a 
round image was difficult to determine from the fitting method. Therefore, the tilt angles 
from round images were excluded from the tilt analysis. The threshold was set at 1.1 of the 
ratio between the dimensions of long axis and short axis. 
Tilt was a source of error in our Delta measurements only if it was produced by 
inclination of kMTs and their linkages to the K-K axis (Θi in Fig. 2.S3Di, inclination tilt). On 
the other hand, tilt of the kinetochore face can be produced when kMTs and their linkages 
within the kinetochore are parallel to the sister-sister axis, but the kMTs end at different 
positions as shown in Fig. 2.S3Diii (sheared tilt). This tilt, nor random differences in the 
relative positions of kMT ends within untilted kinetochores (Fig. 2.S3Dii) do not reduce 
Delta measurements from their true value if the stagger is less than about 75% of the radius 
of the Airy Disk (~150 nm for green light). This is because the linkages are parallel to each 
other and parallel to the K-K axis.   
To obtain a mean value of Delta for a given pair of fluorescent labels corrected for 
inclination tilt, we plotted Delta values from sister kinetochore pairs with non-round 
fluorescent images versus their mean tilt angle (Fig. 2.S7). We used least square fitting of the 
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plots with the function x = A* cos(Flt *Θ), where A is the average Delta value corrected for 
inclination tilt (Θ = 0), and Flt is the average fraction of tilt that is inclination tilt (Fig. 2.S7, 
Table 2.3). 
In controls, tilt of the face of the kinetochore occurred with an average Θ = 15°, with 
~50% of that value due to inclination tilt. This generated only a 1% correction. In taxol 
treated cells, inclination-tilt was more significant and Delta corrections of as much as 15% 
were required in a few cases (Table 2.1). 
 
Accuracy  
 In addition to the tests described for the Ndc80 complex in the Results (Fig. 2.1E), 
for each average Delta value corrected for tilt we obtained the 95% confidence  limits about 
the mean using ttest2 in MATLAB (Table 2.1, Fig. 2.S11). For pairs of average Delta values 
separated by 3 nm or greater, the probability they were derived from the same data 
population was p<.02. 
 
Protein co-localization within individual kinetochores of sister pairs  
Our Delta calculation assumes that the separation between a pair of labels is the same 
for sister kinetochores. To test this assumption, we applied the single molecule high 
resolution colocalization (SHREC) methods developed by Churchman, Spudich, and 
colleagues (Churchman et al., 2005, Churchman et al., 2006, Churchman and Spudich, 2008) 
for protein complexes bound to coverslip surfaces. The accuracy of this measurement 
depends on correction of the lateral chromatic aberration by registration of the red and green 
images. We first did this by imaging multi-spectrum 175 nm beads (TetraSpeck, Invitrogen) 
49 
 
bound to the objective coverslip surface.  Table 2.3 shows the average dx and dy value 
between the centroids for red and green fluorophores. There was little variation within the 
center of the field of the camera (Table 2.3, SD = ~3nm) where we obtained cell images and 
the standard deviations were very small. We next fixed HeLa cells and then labeled 9G3 
antibody with Rhodamine Red-X and Alexa-488 labeled secondary antibodies that produced 
nearly equal fluorescent levels. This specimen gave slightly different average dx and dy 
values from the beads (Table 2.3), probably because of the differences in fluorescent spectra. 
We used these average dx and dy values for the red and green labels of the 9G3 primary 
antibody to scale the corresponding bead values bound to the objective coverslip surface in 
the image registration procedure used for SHREC. As described by Churchman and 
colleagues, we used the lateral chromatic aberration of the bead field to develop a two-
dimensional transform for correcting local chromatic aberration of our experimental images 
as described in Fig. 2.S5 A-C. This transform, based on a local weighted mean, had a target 
registration error (TRE, Churchman et al., 2005) of 5.8 nm.  Figure 2.S5D shows a sub-
sample of the vectors separating 9G3 and Spc24-C labels of individual kinetochores after this 
registration. The lengths of these vectors look very similar for sister kinetochores. To test this 
for the whole population of sister kinetochores (n=170), for each pair we took the center 
position between the red 9G3 labels as the origin and the line linking the 9G3 labels as the K-
K, x-axis. We then plotted the position of the center between the Spc24-C labels relative to 
the center (origin) of the 9G3 labels along the K-K axis as diagramed in Fig. 2.S5E to test if 
the variance along the K-K axis was significantly different than expected from measurements 
of the distance between 9G3 and Spc24-C within each kinetochore. We made similar tests for 
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9G3 vs. CENP-A-GFP, 9G3 vs. CENP-I, and the 9G3 Rhod Red-X/Alexa 488 double label 
experiment as described in detail in Fig. 2.S5 legend. 
 
Localization of the Kinetochore Microtubule End 
For measurements of kMT ends relative to Hec1, PtK2 cells stably transfected with 
GFP-α-tubulin (Rusan et al, 2001) were seeded on glass coverslips in six-well plates 
approximately 72 hrs prior to fixation. On the day of processing, coverslips were placed in a 
6°C cooler for 4-6 hours to stabilize kMT fibers and depolymerize all non-kMTs. (Rieder, 
1981) 
After cold-stabilization, cells were processed as above for immunofluorescence with 
2% paraformaldehyde as fixative. All steps until blocking were at 6°C to prevent regrowth of 
microtubules. Coverslips were blocked for 30 min at 37°C in 5% boiled donkey serum. 
Primary antibody incubation for Hec1 at kinetochores followed for 30 min at 37°C at a 
dilution of 1:600 in 5% BDS. Cells were washed 3 times in PHEM + 0.5% Triton-X 100 for 
5 min each. For secondary antibody labeling, cells were incubated for 30 min at 37°C at a 
dilution of 1:200 in 5% BDS. Cells were washed 3 times in PHEM + 0.5% Triton-X 100 for 
5 min each, counterstained with DAPI to visualize chromatin for 2 min, and washed three 
more times for 5 min each. Cells could not be mounted and sealed on slides because 
traditional mounting techniques alters the GFP signal. Instead, cells were imaged in modified 
Rose chambers minus the top coverslip. The chamber was filled with PHEM buffer and the 
top was sealed with a 25 mm circular glass coverslip. Cells were imaged as above. 
 
Data Analysis of kMT Fiber Linescans 
9G3 vs. CENP-A-GFP, 9G3 vs. CENP-I, and the 9G3 Rhod Red-X/Alexa 488 double label 
experiment as described in detail in Fig. 2.S5 legend. 
 
Localization of the Kinetochore Microtubule End 
For measurements of kMT ends relative to Hec1, PtK2 cells stably transfected with 
GFP-α-tubulin (Rusan et al, 2001) were seeded on glass coverslips in six-well plates 
approximately 72 hrs prior to fixation. On the day of processing, coverslips were placed in a 
6°C cooler for 4-6 hours to stabilize kMT fibers and depolymerize all non-kMTs. (Rieder, 
1981) 
After cold-stabilization, cells were processed as above for immunofluorescence with 
2% paraformaldehyde as fixative. All steps until blocking were at 6°C to prevent regrowth of 
microtubules. Coverslips were blocked for 30 min at 37°C in 5% boiled donkey serum. 
Primary antibody incubation for Hec1 at kinetochores followed for 30 min at 37°C at a 
dilution of 1:600 in 5% BDS. Cells were washed 3 times in PHEM + 0.5% Triton-X 100 for 
5 min each. For secondary antibody labeling, cells were incubated for 30 min at 37°C at a 
dilution of 1:200 in 5% BDS. Cells were washed 3 times in PHEM + 0.5% Triton-X 100 for 
5 min each, counterstained with DAPI to visualize chromatin for 2 min, and washed three 
more times for 5 min each. Cells could not be mounted and sealed on slides because 
traditional mounting techniques alters the GFP signal. Instead, cells were imaged in modified 
Rose chambers minus the top coverslip. The chamber was filled with PHEM buffer and the 
top was sealed with a 25 mm circular glass coverslip. Cells were imaged as above. 
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Data Analysis of kMT Fiber Linescans 
For analysis, image stacks were introduced into a custom MATLAB algorithm. 
Linescans were taken down the axis of microtubule fibers through the estimated center of the 
Hec1 fluorescence. The centroid of the Hec1 fluorescence was then determined by a 
Gaussian fitting method. For a bundle of kMTs with ends all occurring at the same position 
along the central axis of the bundle, ends are located at the point along the axial intensity 
profile where the fluorescence is 50% of the value above background along the axis. Axial 
spread in fluorescence intensity at ends is produced by diffraction within the objective that 
produces Airy Disk images of point sources of light. Ideally the end intensity profile will be a 
sigmoid of width equivalent to the diameter of the Airy Disk, which is ~420 nm in our 
system for green GFP fluorescence. Tilted fibers or fibers having variable ending positions 
produce further spreading of the fluorescence drop at the end of the kMT bundle, so they 
were excluded. 
Since fluorescence intensity varied from cell to cell and coverslip to coverslip, the 
fluorescence intensity variations of the GFP-tubulin fibers over the length of the linescans 
were normalized on a scale from 0 to 1 so that they could be fairly compared to one another. 
Normalized fluorescent intensities for each kMT fiber sampled were plotted together on the 
Y-axis versus the position of the Hec1 centroid on the X-axis. The resulting sigmoid was fit 
using the equation y = (1-erf((x-a)/b))/2, with “erf” being the error function. Coefficient “a” 
when y = 0.5 is treated as the mean distance in nm of the end of kMT fibers from the Hec1 
centroid. 
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kinetochores (Fig. 2.1C), the “Airy Disk” image is elongated into an elliptical cross-section 
whose major axis defines the orientation of the kinetochore face and whose centroid defines 
the average position of the label along the inner-outer kinetochore axis (Fig. 2.1C; Figs. 2.S3-
4).  Sister pairs in or close to the same image plane were selected for analysis. A 3-D 
Gaussian fitting algorithm was used to obtain the 4 centroid coordinates needed to calculate 
the separation of the two color labels, Delta (Figs. 2.1D,E).  This calculation scheme 
automatically corrected for the considerable chromatic aberration—the green label was on 
average shifted down and to the left of red by ~30 nm, but exact shifts varied by position 
within the cell. Delta measurement simulations showed that staggering of attachment site 
linkages by up to 150 nm along the interkinetochore (K-K) axis (Fig. 2.S3D) had little effect 
on Delta accuracy.  However, tilt of the kinetochore face that inclines attachment linkage to 
the K-K axis (Fig. 2.3D) was a source of measurement error (1% in untreated cells) that was 
corrected to obtain the final average value of Delta (Supp. Methods). 
The average Delta value (Fig. 2.1E) measured between the 9G3 label near the Hec1 
head and the Spc24/Spc25 C-terminus was 45 +/- 6 nm and 45 +/- 4 nm respectively (SD; 
n=107 sister kinetochore pairs for each combination).  We also obtained the same value after 
correcting for the majority of lateral chromatic aberration between the 9G3 and Spc24 
images (Fig. 2.S5). To assess the efficacy of the correction scheme and the accuracy of the 
K-SHREC method using antibody labeling we labeled Hec1 with 9G3 and used equal 
amounts of red and green secondary antibodies. The average Delta measured in this case was 
0 +/- 5 nm (SD; n=91 sister kinetochore pairs). In a second test for accuracy, cells expressing 
GFP-Hec1 were labeled with anti-GFP and 9G3 – in this case, the average Delta was 3 +/- 7 
nm, a value consistent with structure (Ciferri et al., 2008). Average Delta values typically had 
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95% confidence intervals of +/- 1-2 nm (Table 2.1) and two averages that differed by 3 nm or 
more were significantly different (paired t-test with p value <.02) because of the high signal-
to-noise ratio (>~30) of the kinetochore fluorescence (Fig. 2.S4) and the averaging of many 
(>100) individual Delta values . A major assumption of our Delta assay is that both sister 
kinetochores have the same protein architecture and stiffness.  We verified this assumption 
by direct measurements of label separation within individual kinetochores of sister pairs for 
the Ndc80 complex and several other proteins (Fig. 2.S5). These and other tests (Materials 
and Methods) establish the Delta assay as a technique for analyzing kinetochore architecture 
with an accuracy of <5 nm.  The 45 nm Delta value measured for Spc24/25 and Hec1 
indicates that the Ndc80 complex adopts an elongated shape along the inner-outer 
kinetochore axis. 
 
Correlation of Delta Measurements to Centromere Stretch Indicates that the Ndc80 Complex 
is Non-Compliant 
Sister kinetochores of metaphase bioriented chromosomes exhibit directional 
instability – oscillations characterized by abrupt switches between persistent phases of 
poleward and anti-poleward movement (Inoue and Salmon, 1995; Maiato et al., 2005; 
Skibbens et al., 1993). This directional instability produces oscillations in the stretch of 
centromeric chromatin between sister kinetochores that are asynchronous between different 
chromosomes.  Consequently, a fixed image of a metaphase cell has within it sister 
kinetochore pairs in different mechanical states (Fig. 2.2A).  It is straightforward to assess 
the mechanical state of each sister pair by measuring the K-K distance using the 9G3 label, 
which varies during metaphase oscillations between a minimum of ~0.8 to a maximum of  ~2 
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µm in HeLa cells; the rest length in nocodazole-treated cells is ~0.7 µm.  Thus, correlating 
Delta values with the inter-kinetochore K-K distance provides direct information on 
mechanical properties of specific protein linkages.  The slope of the least-squares line 
through a plot of Delta versus K-K distance represents compliance during oscillation of a 
particular protein linkage at metaphase, which we refer to as “Oscillation Compliance” (Fig. 
2.2A).   
 When Delta values measured for 9G3 and Spc24 labels were plotted as a function of 
K-K distance, the slope was near zero, indicating that tension changes during sister 
kinetochore oscillations do not affect the conformation of the Ndc80 complex (Fig. 2.2B). 
The slope was also near zero for cells labeled with 9G3 and equal amounts of red and green 
secondary antibody (Fig. 2.2C), indicating that Delta measurements were insensitive to K-K 
separation. We conclude that the Ndc80 complex is a stiff mechanical entity within 
kinetochores with one end attached to the plus ends of kMTs and the other end located 
toward the inner kinetochore.   
 
Human Metaphase Kinetochore Architecture from Delta Analysis of 16 Kinetochore Proteins 
We next extended analyses of position and mechanical properties to 19 epitopes in 16 
proteins representing all of the distinct groups comprising core kinetochore structure (Table 
2.1).  For three large proteins (hKnl1, CENP-E and CENP-F), we analyzed two different 
regions using independent antibodies (Table 2.2 and Fig. 2.S6).  The entire dataset is 
summarized in Fig. 2.3; the positions along the kinetochore inner-outer axis for all analyzed 
epitopes are plotted relative to Hec1-9G3. Positive values are outside (i.e., towards the 
spindle side) of the position of the 9G3 centroid and negative values are inside (i.e., towards 
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the centromeric chromatin).  All average Delta values in this position map have been 
corrected for inclination-tilt (Figs. 2.S3, 2.S7; Table 2.1). The data for control cells is on the 
left of Fig. 2.3 with dots indicating average values.  The mechanical properties of each Delta 
value are summarized by vertical lines through the average dots which indicate minimum to 
maximum variation with K-K separation. The average position data for taxol-treated cells is 
on the right and insights are discussed in the next results section. With this overview of the 
entire dataset, we describe specific aspects of measurements for each protein complex. 
 
I.  Constitutive Centromere-Associated Proteins 
CENP-A and CENP-C 
The centromeric histone H3 variant CENP-A and closely associated CENP-C proteins 
are present at centromeres throughout the cell cycle and provide foundations for kinetochore 
assembly. We labeled CENP-A in two ways that gave similar results - in the first, CENP-A-
GFP was stably expressed in HeLa cells (Gerlich et al., 2003) and GFP was detected with 
antibodies (Fig. 2.3). In the second, a primary antibody to CENP-A was used.  As this 
antibody required a different fixation condition (cold methanol) than the other epitopes, we 
focused on data acquired with the GFP fusion and the standard aldehyde-based fixation 
procedure.  In control cells, average Delta of CENP-A-GFP relative to the Hec1 head was 
107 nm and there was a pronounced upward slope of Delta with centromere stretch (Figs. 
2.2D, 2.3).  The average Delta for CENP-C, which has direct DNA binding activity (Politi et 
al., 2002) and lacks extended coiled-coils, was 79 nm and the oscillation compliance was 
~40% of that exhibited by CENP-A (Fig. 2.3).  From the entire set of proteins analyzed (Fig. 
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2.3), these were the only two proteins that exhibited significant oscillation compliance 
relative to the Ndc80 complex. 
 
CENP-I and CENP-T 
In addition to CENP-A and CENP-C, 13 additional CCAN proteins (CENP-H, -I and 
–K to –U) localize to centromeres throughout the cell cycle and play important roles in 
chromosome segregation (Foltz et al., 2006; Hori et al., 2008b; Okada et al., 2006). We 
analyzed CENP-I and CENP-T, two representatives of different subclasses of the CCAN 
(Okada et al., 2006).  In control cells, the average positions of CENP-I and CENP-T were 
about 17 and 14 nm inside the Spc24/Spc25 end of the Ndc80 complex, respectively (Fig. 
2.3).  In contrast to CENP-A and CENP-C, CENP-I and CENP-T did not exhibit significant 
oscillation compliance (Fig. 2.3, Fig. 2.4C, Fig 2.S8A). This result suggests that components 
of the CCAN (excluding CENP-C) assemble in the 34 nm gap between the centroid of 
CENP-C and the Spc24/Spc25 end of the Ndc80 complex and they exhibit a stiff linkage to 
the Ndc80 complex during oscillations. 
 
II. The KMN Network and the Spindle Checkpoint Kinase Bub1 
 The KNL1/Mis12 Complex/Ndc80 Complex (KMN) proteins play a central role in 
kinetochore architecture and in MT binding.  As described above, the two ends of the Ndc80 
complex are ~45 nm apart and this complex appeared stiff with no oscillation compliance 
(Fig. 2.2B).  The 4 subunits of the Mis12 complex extend from the Spc24/25 end of the 
Ndc80 complex to about 11 nm inside it, next to the centroid of CENP-T (Fig. 2.3) and also 
do not exhibit oscillation compliance.  hKnl1 (also known as Blinkin/CASC5/AF15Q14) is a 
58 
 
large (2342 aa) protein recruited to kinetochores by the Mis12 complex (Cheeseman et al., 
2008) and is suggested to bind to the hDsn1 subunit of the Mis12 complex at its C-terminus 
(Cheeseman et al., 2008; Kiyomitsu et al., 2007). hKnl1 has a predicted coiled-coil domain 
of 300 aa near its C-terminus (Cheeseman et al., 2006).  We measured the position of the 
central region of hKnl1 using an antibody to aa 1220-1440 and the position of the N-terminus 
using a monoclonal antibody to the first 43 aa (Fig. 2.S6). These epitopes were found to be 
on average 34 nm and 25 nm inside of the Hec1 head (Fig. 2.3) and neither exhibited 
significant oscillation compliance. 
hKnl1 is part of the kinetochore binding site for SAC kinase Bub1 (Kiyomitsu et al., 
2007).  A Bub1 antibody raised to a region near its kinetochore-targeting domain (Fig. 2.S6) 
was 26 nm internal to the Hec1 head and just inside of the N-terminal epitope in hKnl1 (Fig. 
2.3). The distance between hDsn1, a likely marker for the C-terminal region of hKnl1 
(Cheeseman et al., 2008; Kiyomitsu et al., 2007) and the N-terminus of hKnl1 was a constant 
21-23 nm across the entire range of K-K distances indicating lack of oscillation compliance. 
This result indicates that hKnl1 is stiff like the Ndc80 complex and that its long axis is 
oriented primarily along the kinetochore inner-outer axis. 
 
III. Corona Proteins 
The Motor CENP-E 
 CENP-E is a plus-end directed kinesin motor protein, with a very long (225 nm) 
coiled-coil stalk and a globular tail domain (Kim et al., 2008). CENP-E has been localized by 
immunogold EM to the outer plate and fibrous corona (Cooke et al., 1997) and contributes to 
kMT attachment and kinetochore movements (Kapoor et al., 2006; Kim et al., 2008).  The C-
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terminal kinetochore-binding domain interacts with CENP-F and BubR1 (Chan et al., 1998) 
and CENP-E depends on Bub1 for kinetochore targeting (Cheeseman et al., 2008; Johnson et 
al., 2004; Liu et al., 2006). We found the centroid of an antibody to aa 1571-1859, about 100 
nm from its C-terminal kinetochore-targeting domain (Fig. 2.S6) was about 3 nm outside of 
the Hec1 head (Fig. 3).  Surprisingly, the centroid of an antibody to aa 663-973, about 50 nm 
from the motor domain of CENP-E (Fig. 2.S6), was only ~13 nm outside the Hec1 head.  
Neither epitope on CENP-E exhibited any oscillation compliance (Fig. 2.S8A, Fig. 2.3). This 
result indicates that the 225-nm long CENP-E molecule is bent with both its tail and motor 
domains located near or inside of the Hec1/Nuf2 heads. 
 
The Coiled-Coil Protein CENP-F 
 CENP-F is a major component of the fibrous corona as determined by immunogold 
EM (Rattner et al., 1993).  It is large (300kD, 3210aa) and possesses extensive central alpha 
helical coiled-coil domains (Fig. 2.S6). CENP-F localizes to kinetochores via its C-terminus 
and requires hKnl1 and Bub1 (Cheeseman et al., 2008; Johnson et al., 2004). An antibody to 
the C-terminal 561 aa localized ~4 nm outside the Hec1 head, and a different antibody to a 
middle region of the molecule (Fig. 2.S6, Fig. 2.3) was ~48 nm outside the Hec1 head, 
indicating that CENP-F is primarily oriented perpendicular to the outer plate. 
 
The MT Polymerization-Promoting Protein CLASP 
 CLASP is a MT-binding protein that promotes polymerization, and suppresses 
depolymerization (Maiato et al., 2005).  CLASP is concentrated within the very periphery of 
the kinetochore during mitosis. We find that the centroid of CLASP is 29 nm outside of the 
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Hec1 head in control metaphase cells (Fig. 2.3). This position is within the C-terminal half of 
CENP-F or the loop of CENP-E extending into the corona, but not near the location expected 
for the plus ends of the majority of kMTs, which is near the inner surface of the kinetochore 
outer plate (Dong et al., 2007; VandenBeldt et al., 2006).  
   
Large Changes in Kinetochore Protein Architecture Are Observed Following Taxol 
Treatment 
 The anti-cancer agent taxol suppresses polymerization dynamics of MTs.  Taxol 
treatment (10 µM) at metaphase eliminates tension at kinetochores and activates the SAC 
(Waters et al., 1998; Clute and Pines, 1999).  The mean inter-kinetochore distance in taxol-
treated metaphase cells is about 0.75 µm (Fig. 2.4A), only slightly less than the minimum 0.8 
µm value that transiently occurs during oscillations (Fig. 2.2).  This similarity suggests that 
Delta measurements in taxol-treated cells should resemble values observed at lowest K-K 
distance for linkages with oscillation compliance (CENP-A and CENP-C) and similar to 
average values for stiff non-compliant linkages.  Consistent with this, the dimensions of the 
stiff Ndc80 complex remained constant in taxol (Figs. 2.3, 2.4B).  However, somewhat 
surprisingly, there were several significant changes induced in kinetochore architecture in 
taxol-treated cells. Centroids of CENP-A, CENP-C, CENP-I, and CENP-T all moved ~16 nm 
closer to the position of the Spc24/25 end of the Ndc80 complex (Figs. 2.3, 2.4C). This 
movement did not change the relative separation distance between CENP-I and CENP-T 
centroids. In addition, separation between CENP-I/CENP-C centroids and CENP-I/CENP-A 
centroids was the same as that observed at minimal centromere stretch (K-K distance) during 
61 
 
normal control oscillations.  Thus, the entire inner kinetochore is ~16 nm closer to the 
Spc24/25 end of the Ndc80 complex in taxol-treated cells. 
 The Mis12 complex also exhibited a striking change in taxol-treated cells (Fig. 2.3).  
In control cells, the distance along the inner-outer axis from the hNsl1 subunit at the interior 
end of the Mis12 complex and the hDsn1 subunit at the exterior end was constant during 
oscillations at ~9 nm; in taxol this length became 19 nm.  Two components at one end of this 
elongated complex, hNnf1, and hNsl1/Mis14 did not significantly change position relative to 
Spc24 after taxol treatment; Mis12 showed modest (4 nm) outward movement.  In contrast, a 
striking effect was observed for hDsn1, which shifted ~12 nm outward in taxol-treated cells. 
hDsn1 likely directly binds to the C-terminal region of hKnl1 (Kiyomitsu et al., 
2007); consistent with this, hKnl1 also exhibited outward movement similar to hDsn1.  The 
centroid of the Bub1 epitope also moved outward, but less than expected for its putative 
binding site near the N-terminus of hKnl1; this lack of movement may indicate changes in 
Bub1 binding sites following taxol treatment. 
 The C-terminal regions of large corona proteins CENP-E and CENP-F also moved 
~10 nm outward relative to Hec1/Nuf2 heads after taxol treatment (Fig. 2.3).  The most 
striking change observed was with CENP-E: the epitope close to the motor domain moved 
from near the Hec1 head (and its own C-terminus) in controls to 33 nm beyond the Hec1 
head.  This result suggests that CENP-E changes from being bent in control metaphase cells 
to an extended conformation in taxol-treated cells. 
A major pattern emerging from comparison of the taxol-treated and control cell Delta 
measurements suggests relative movement of two protein sets whose constituents behave as 
if they are coupled – we refer to each of these protein sets as “arms” in order to connote a 
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multi-part mechanical entity.  The Ndc80 arm (whose average Delta values are linked using 
blue dotted lines between control and taxol treatment in Fig. 2.3)  is comprised of the Ndc80 
complex and hNnf1, hNsl1 and part of Mis12—none of these show significant taxol-specific 
changes in separation. The hKnl1 arm (whose average Delta values are linked using red 
dotted lines between control and taxol treatment in Fig. 2.3) is comprised of CENP-A, 
CENP-C, CENP-I, CENP-T, hDsn1 and part of the hMis12 subunits, hKnl1, Bub1, CENP-F, 
and the C-terminal end of CENP-E – all of these move ~10-16 nm outward relative to the 
Hec-1 head  (for compliant CENP-A and CENP-C linkages, this movement is relative to the 
Delta value measured at minimal K-K stretch, i.e. lowest tension state in control cells—see 
point where lines linking the control and taxol data sets are drawn in Fig. 2.3).  As distances 
between the inner kinetochore proteins (e.g. CENP-I/CENP-T) and proteins in the Ndc80 
arm decrease in taxol-treated cells, we conclude that the Ndc80 arm moves in towards the 
centromeric chromatin in taxol-treated cells while the hKnl1 arm does not.  This shift, which 
is not observed at minimal K-K distance in control cells, suggests a mechanism in taxol-
treated cells leading to uncoupling and separation of these normally coupled protein arms. 
In summary, taxol treatment did not recapitulate kinetochore architecture at lowest K-
K distance but instead revealed large-scale changes in different regions of the kinetochore.  
These changes may arise from persistent absence of mechanical tension (as opposed to 
transient absence in oscillating kinetochores), lack of depolymerization, activation of the 
SAC, or all of the above. 
 
Location of the Plus Ends of Kinetochore MTs Relative to the Ndc80 Complex 
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 To determine the position of bound kMTs we analyzed metaphase PtK2 cells cooled 
to 6oC .  Under these conditions, only kMTs persist, a full complement of kMTs penetrating 
the outer plate is present (Rieder, 1981), and kMT fibers mainly orient perpendicular to 
kinetochores, which makes them remain in focus several μm beyond kinetochores toward 
their poles (Fig. 2.5A,B).  Such images could not be obtained in metaphase HeLa cells 
because of the high degree of spindle and kinetochore fiber curvature.  In cold-treated PtK2 
cells, centromeres were unstretched with average K-K distance similar to that in nocodazole 
– thus the measurements of kMT position only apply to this low-tension state. 
Preliminary experiments indicated that antibodies to tubulin do not penetrate 
kinetochores as fluorescence ended in front of the Hec1-9G3 label (data not shown). 
Therefore, we directly imaged fluorescence of GFP-α-tubulin incorporated into kMTs 
(Rusan et al., 2001) and obtained intensity profiles along bundles of green fluorescent kMTs 
through the centroid of the red Hec1-9G3 label (Fig. 2.5B,C).  Different linescans (n= 92) 
were plotted on the same axes by setting the position of the 9G3 centroid to zero and 
normalizing intensity values.  The position of the 50% intensity point was determined by 
fitting an error function to the cumulative data (Fig. 2.5C). The average position of the kMT 
end determined with this method was 62.3 +/- 15 nm (95% confidence interval) inside of the 
9G3 label centroid (Fig. 2.5C).  The variance is large because fibers oriented at different 
angles within the field of view had different amounts of lateral chromatic aberration, which 
was averaged out by an equal number of fibers facing in all directions (Fig. 2.S9). These 
results indicate that, on average at 6°C in PtK2 cells, the plus ends of kMTs extend 10-15 nm 
inside the Spc24/Spc25 ends of the Ndc80 complexes. In taxol-treated cells, this position 
would be at the periphery of the inner centromere (Fig. 2.3). 
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Discussion 
The Chromatin-Proximal Region of the Kinetochore has Distinct Structural and Mechanical 
Domains 
 At minimal centromere stretch, separation between centroids of CENP-I /T and 
CENP-C is ~11 nm and between CENP-I/T and CENP-A is ~30 nm (Fig. 2.3).  As 
biochemical studies support close associations between CENP-I/T and CENP-A nucleosomes 
(Foltz et al., 2006; Obuse et al., 2004b; Okada et al., 2006), these values suggest that only a 
small fraction of chromatin-bound CENP-A and CENP-C is exposed at the peripheral surface 
of the centromere on a metaphase chromosome in a position to bind components of the 
CCAN. The depth of CENP-C and CENP-A chromatin from the base of the kinetochore 
increases with centromere stretch (from ~22 and ~60 nm, respectively, at minimal stretch to 
46 and 128 nm, respectively, at maximal stretch; Figs. 2.2, 2.3) assuming a uniform 
distribution of each within chromatin (Fig. 2.S10A). These values are small compared to the 
420 nm diameter of a green fluorescent Airy disk and would not be resolvable by 
conventional fluorescence microscopy. However, they are consistent with past reports that 
CENP-C concentrates near the base of the kinetochore (Saitoh et al., 1992), while CENP-A 
extends further inside the centromere (Blower et al., 2002; Amor et al., 2004) and that only 
10% of the CENP-A is sufficient to build a functional kinetochore (Liu et al., 2006). 
 In contrast to the compliance of chromatin at the base of the kinetochore containing 
CENP-A and CENP-C, protein linkages between CENP-I and CENP-T and between these 
CCAN subunits and the outer kinetochore were stiff in control cells (Fig. 2.3).  Thus, for 
oscillating metaphase chromosomes, the CCAN is assembled at the very periphery of the 
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CENP-A/C-containing centromeric chromatin (Fig. 2.S10A) and is stiffly linked to the outer 
kinetochore. 
 
The Ndc80 Complex is Likely Bent Along its Length and Connected to the Inner Kinetochore 
by a Flexible Linkage 
 During metaphase in both untreated and taxol-treated human cells the Delta between 
markers at the two ends of the 57 nm-long Ndc80 complex was a constant 45 nm.  A 
previous study of isolated Drosophila chromosomes used a linescan method and reported 
~22 nm separation between the ends of the Ndc80 complex (Schittenhelm et al., 2007). We 
have measured a Delta of ~18 nm between the Spc24-C terminus and 9G3 just inside the 
Hec1 head in nocodazole-treated HeLa cells (data not shown), whereas this distance from the 
structure is 54.5 nm. The lower numbers in nocodazole may indicate flexibility in orientation 
of the Ndc80 complex and bending of the rod domain at a kink site (Ciferri et al., 2008) in 
the absence of attached kMTs. However, they may also result from measurement errors 
induced by severe tilt and/or curvature of the kinetochore face relative to the inner-outer 
kinetochore axis—such curvature has been observed following extended mitotic arrest in the 
absence of MTs (DeLuca et al., 2005). 
A 45 nm average Delta value is predicted if the 57 nm-long Ndc80 complex extends 
straight from the surface of the bound kMT at an angle θ = ~34°, similar to the angle that the 
rod domain of the Ndc80/Nuf2 dimer exhibits when bound in vitro to purified MTs 
(Cheeseman et al., 2006; Wilson-Kubalek et al., 2008). However, this inclined straight 
conformation puts the C-terminal ends of Spc24/Spc25 ~32 nm radially outside the surface 
of a kMT. A pulling force, F, at heads bound to the MT lattice generates at the Spc24/Spc25 
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end both a pulling force, F, along the inner-outer kinetochore axis and a radial inward force 
(equal to Fsin(θ)/cos(θ)). For θ = 34o, the radial force is ~67% of F. If unopposed, the radial 
force would move Spc24/Spc25 ends up close to the surface of the kMT, resulting in an 
average Delta value similar to the label separation of 54.5 nm along the length of the Ndc80 
complex. However, we did not observe this even under maximal centromere stretch 
suggesting that this radial force is opposed by a mechanism anchoring the Spc24/25 end of 
the Ndc80 complex or that the complex does not adopt a straight conformation. Anchorage 
by lateral linkages between adjacent kMT-attachment sites (a “load sharing mechanism”) that 
are of similar strength to the inner-outer linkages is unlikely because the kinetochore is weak 
laterally. For example, during merotelic attachments, when a single kinetochore is pulled 
towards opposite poles by kMTs, lateral stretch of kinetochore proteins and peripheral 
centromeric chromatin often occurs for >1 μm (Cimini et al., 2004; Cimini et al., 2001). 
 An alternative explanation for the 45 nm separation of the labels at the two ends is 
that the Ndc80 complex is bent (Fig. 2.6A). There are a number of reasons to favor this idea. 
There is a conserved break in the coiled-coil rod domain about 16 nm inside the Nuf2/Hec1 
heads (Ciferri et al., 2008). Recent EM analyses of purified Ndc80 complexes in vitro (Wang 
et al., 2008) indicate that flexible bending occurs at this site within the rod domain that 
connects the two globular ends of the Ndc80 complex (Fig. 2.1A). The existence of a flexible 
bend does not, however, explain constancy of Ndc80 complex dimensions across the entire 
range of centromere stretch and in taxol - a fixed angle bend would have to exist even under 
tension in order to account for this constancy and 45 nm separation of the two end labels. 
This consideration assumes that the majority of Ndc80 complexes are bound to kMTs, which 
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is compatible with the requirement of this complex for the SAC and inactivation of the SAC 
at metaphase (Musacchio and Salmon, 2007).  
A proposal we favor to account for the 45 nm distance is that there is a protein 
complex bound at the bend site that stabilizes the bend and links the Ndc80 complex to the 
inner kinetochore (Fig. 2.6A). Upon binding of the Ndc80 heads to the kMT lattice, the coil-
coiled region between the head and the bend/linker attachment site extends and transmits a 
pulling force in an outer-inner direction to the bend site and along the hypothetical linker 
protein to the inner kinetochore – in this case there is no inward radial force as the direction 
of force transmission is along the inner-outer axis.  In this configuration, the Spc24/Spc25 
end of the complex bends outward from the kMT lattice by ~20 nm to produce the ~45 nm 
inner-outer separation between the two end labels. This model produces little to no radial 
force at either end of the molecule and binding of the linker may force a constant bend angle 
at the otherwise flexible break in the coiled-coil.  It is possible that the CENP-H subunit of 
the CCAN, which is primarily coiled-coil and has been shown to interact with the Ndc80 
complex (Cheeseman et al., 2008; Hori et al., 2008b; Okada et al., 2006), may constitute such 
a linker. Nevertheless, as discussed below, such a linker must be flexible. 
 
Movement of the Ndc80 Arm Relative to the Inner Kinetochore and the hKnl1 Arm:  A Low 
Tension / Checkpoint-Activated Switch 
 We propose that the Ndc80 arm includes a flexible filament-like linkage between the 
bend in the Ndc80 complex and the inner kinetochore (Fig. 2.6A, C-F). Such a linker would 
explain why the Ndc80 arm is able to move 15 nm towards the inner kinetochore in taxol (the 
filament buckles either due to persistent low tension and/or due to SAC activation), but 
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remains constant in position relative to the inner kinetochore at high tension (the extended 
filament is stiff). A flexible linker (not shown for clarity in Fig. 2.6) may also exist between 
hNsl1 of the Mis12 complex and the inner kinetochore as suggested by recent EM images 
(McIntosh et al., 2008). In contrast, the hKnl1 arm connects separately to the inner 
kinetochore and this connection is stiff and does not change in taxol-treated cells (Fig. 2.6F). 
 Since the four subunits of the Mis12 complex are linked together (Kline et al., 2006), 
the best way to merge the control and taxol configurations is to assume that in controls the 
Mis12 complex extends mostly in a lateral direction (Figs. 2.3, 2.6C-F). In taxol, when the 
Ndc80 arm moves relative to the hKnl1 arm, the Mis12 complex rotates such that the hDsn1 
subunit makes the largest translation (Fig. 2.6C, F).  Movement of the Ndc80 complex 
toward the inner centromere can be explained by outward movement of the hKnl1 arm along 
stable kMTs until further movement is blocked by the kMT end (Figs. 2.3, 2.6F). This 
outward movement may be driven by the minus motor activity of cytoplasmic dynein linked 
to Knl1 by other proteins (Stehman et al., 2007; Vergnolle and Taylor, 2007); (Kiyomitsu et 
al., 2007; Liu et al., 2006). 
 The low-tension/SAC switch within the kinetochore may be part of the tension-
sensing mechanism that controls the stability of kMT attachment and/or SAC signaling at 
kinetochores (Maresca and Salmon, 2009) - the Ndc80 complex is required for both of these 
essential functions (Musacchio and Salmon, 2007). Another process the switch may regulate 
is the conformation of the CENP-E motor - in controls, the 225 nm-long CENP-E molecule is 
bent with markers for its tail and motor domains located near the Hec1 heads, but in taxol the 
marker proximal to the motor domain of CENP-E moved more than 33 nm beyond the Hec1 
heads into the coronal region (Fig. 2.3).  This dramatic conformational change is likely to 
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involve kinase activity (Espeut et al., 2008; Kim et al., 2008), which in turn may be 
modulated by the switch that we describe here. 
 
The Ndc80 Arm Could Contribute in Two Ways to MT Attachment and Pulling Force 
Generation 
 Multiple Ndc80 arms may contribute to a “Hill-like” mechanism, where the dynamic 
binding of their Hec1 and Nuf2 heads to a kMT helps hold the attachment site near either a 
growing or shortening plus end (Asbury and Davis, 2008; Hill, 1985). In budding yeast, there 
are 8 Ndc80 complexes per kMT (Joglekar et al., 2006) which supports this possibility - the 
number and distribution along the inner-outer axis in human cells are not yet established.  
The Ndc80 arm within HeLa kinetochores could also act as a force transducer.  In budding 
yeast, recent analysis of kinetochores at metaphase indicates that the Ndc80 complex is 
extended its full length along the axis of kMTs (Joglekar et al., 2009). A DAM/DASH ring 
has received much attention as a force transducer in budding yeast for the rearward peeling 
of tubulin protofilaments (Asbury and Davis, 2008; Efremov et al., 2007; Tanaka and Desai, 
2008). However, in mammalian kinetochores no such rings have been identified and in 
fission yeast, the DAM/DASH proteins are non-essential (McIntosh, 2005, 2008).  Within 
HeLa kinetochores, the bent configuration of the Ndc80 complex and its lateral linkage by an 
elongated Mis12 complex to the hKnl1 homolog (Fig. 2.6E) could act in place of a ring for 
transmitting pulling forces generated by curling protofilaments to the inner kinetochore (Fig. 
2.6D). 
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Tables and Figures 
 
Table 2.1: Summary of Delta Measurements. 
 
Results before tilt correction (Delta_uc and its SD) and after (Delta), as well as the tilt 
factor (Flt), 95% confidence intervals, and changes by tilt correction (|Delta| - |Delta_uc|) 
are listed. 
 
Delta_uc SD n SEM CI A Flt Delta SD n |Delta| -
(%95 +/-) |Delta_uc|
control
Spc24-C 44 7 176 0.5 1 45 0.79 45 6 107 1
Bub1-NM 27 8 182 0.6 1.2 26 0 26 8 123 -1
Cenp-A-GFP 105 14 172 1.1 2.2 107 0.49 107 14 116 2
Spc25 44 4 147 0.3 0.7 45 0.69 45 4 131 1
KNL3/hMis13/Dsn1-C 46 7 276 0.4 0.8 47 0.62 47 7 159 1
hNsl1/DC31/hMis14 48 5 97 0.5 1 49 0.84 49 5 80 1
hNnf1/PMF1 56 6 141 0.5 1.1 56 0.47 56 7 64 0
Mis12 47 6 149 0.5 0.9 48 0.71 48 6 134 1
hKNL1/AF15q14/Blinkin-M 34 6 77 0.7 1.4 34 0 34 6 63 0
CENP I 61 8 115 0.8 1.5 62 0.78 62 7 69 1
CENP T 59 5 210 0.4 0.7 59 0.59 59 5 120 0
CENP C 79 10 231 0.6 1.2 79 0.52 79 10 141 0
Cenp E-MC -5 18 122 1.6 3.2 -3 0 -3 16 64 -2
Cenp E-NM -11 14 209 1 1.9 -13 1.51 -13 15 107 2
CLASP -29 9 22 1.9 3.7 -29 0 -29 9 18 0
9G3 Red vs Green 0 4 117 0.4 0.8 0 0.02 0 5 91 0
Cenp F-C -4 10 172 0.7 1.4 -4 0 -4 10 97 0
Cenp F-M -46 11 121 1 1.9 -48 0.19 -48 10 54 2
Hec1-GFP 2 8 121 0.7 1.4 3 -0.01 3 7 44 1
taxol
Spc24-C 45 11 167 0.8 1.7 45 0.46 45 11 46 0
Bub1-NM 17 13 64 1.6 3.2 18 0 18 14 28 1
Cenp-A-GFP 72 17 129 1.5 2.9 78 0.88 78 15 61 6
Spc25 44 17 37 2.8 5.5
KNL3/hMis13/Dsn1-C 30 12 157 1 1.9 35 1.14 35 12 63 5
hNsl1/DC31/hMis14 42 11 93 1.1 2.2 49 1.03 49 12 35 7
hNnf1/PMF1 52 9 68 1.1 2.2 54 0.94 54 8 39 2
Mis12 38 11 111 1 2 44 1.34 44 12 66 6
hKNL1/AF15q14/Blinkin-M 24 10 93 1 2 24 0.83 24 10 40 0
CENP I 47 9 83 1 2 47 0.88 47 8 28 0
CENP T 41 11 140 0.9 1.8 43 0.76 43 11 29 2
CENP C 56 11 106 1.1 2.2 57 0.38 57 11 51 1
Cenp E-MC -8 19 79 2.1 4.2 -12 1.89
Cenp E-NM -35 17 63 2.1 4.2 -33 0 -33 18 19 -2
CLASP -40 11 11 3.4 6.6 -40 0.83 -40 12 10 0
Cenp F-C -14 15 127 1.4 2.7 -14 0 -14 17 50 0
Cenp F-M -60 20 98 2 3.9 -57 0 -57 18 39 -3
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Table 2.2: Antibody and Reagent Detail. 
 
Sources of antibodies as well as regions labeled within proteins are shown and cited 
where applicable (see References) 
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Table 2.3: Average Chromatic Aberration Measurements. 
 
Chromatic aberration was measured for beads and for Red-Green labeled Hec1 9G3 
kinetochores as described in Materials and Methods. 
 
Figure 2.1:  Delta Measurements for the Ndc80 Complex
(A) Molecular structure of the tetrameric Ndc80 complex.   
(B) Images of metaphase HeLa cells fixed and stained for Hec1 9G3 (red) and anti-Spc24 
(green). Inset: Higher magnification view of red/green sister kinetochore pair denoted by 
arrow. Scale bar = 1.1 µm.
(C) Schematic of a pair of sister kinetochores at metaphase with one kinetochore expanded to 
show Airy disk images of 9G3 and anti-Spc24 labels and Delta, the distance between their 
centroids along the inner-outer kinetochore axis.
(D) Method for calculation of Delta that eliminates, locally, errors from lateral chromatic 
aberration in microscope optics.  
(E) Average Delta measurements for different label pairs along the Ndc80 complex.    
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Figure 2.2: Correlation of Delta Values with Centromere Stretch: the Ndc80 Complex is Not 
Compliant and Maintains a Constant Shape  
(A) Schematic of sister kinetochore pairs in different mechanical states (top); Predictions of 
Delta measurements for non-compliant (middle) and compliant (bottom) protein linkages.
(B ) Delta values of separations between Hec1-9G3 and antibody to Spc24 C-terminus across 
the entire range of K-K distances.
(C) Delta values for 9G3 anti-Hec1 labeling with a mixture of red/green fluorescent 
secondary antibodies are individually plotted versus K-K distance. For (B) and (C),
measurements are insensitive to K-K separation.  
(D) Delta values of separations between Hec1-9G3 and GFP-CENP-A across the entire range 
of K-K distances show oscillation compliance.  The whole dataset of Delta values 
uncorrected for tilt are shown; average Deltas are within 1-2 nm of corrected values (see 
Table 2.1). 
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Figure 2.3:  Summary of Delta Measurements in Control and Taxol-Treated HeLa Cells.  
Summary of Delta measurements for 19 epitopes in 16 kinetochore proteins in control 
cells (left) and taxol-treated cells (right). Scale (red) on the far-right is set equal to zero at the 
position of the Hec1-9G3 centroid; positive values are outward (towards the spindle MTs) 
while negative values are inward (towards the centromeric chromatin).  Color-coded boxes 
indicate complexes.  Colored dotted lines indicate proposed “arms” of the structural 
kinetochore.  Black dots indicate average Delta values corrected for tilt.  Vertical lines 
indicate minimum and maximum Delta values measured during oscillations in centromere 
stretch – for most linkages that do not show significant compliance, the vertical lines do not 
extend beyond the symbol used to indicate the average.  
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Figure 2.4:  Changes in Kinetochore Architecture Associated with Taxol Treatment  
(A) Images of a metaphase HeLa cell treated with 10 µm taxol and then fixed and stained for 
Hec1 9G3 (red) and anti-Spc24 (green).  Inset: Higher magnification view of red/green sister 
kinetochore pair denoted by arrow. Scale = 1.1 µm.
 (B) Graph of measured Delta value vs. K-K distance for the Hec1 and Spc24 labels in 
untreated (red) and taxol-treated (green) cells.  (C) Graph of measured Delta value vs. K-K 
distance for the Hec1 label vs. GFP-CENP-A (top) and antibodies to CENP-I (middle), and 
hKnl1 (bottom) in untreated (red) and taxol-treated (green) cells.  The whole dataset of Delta 
values uncorrected for tilt are shown; the average Deltas are within 1-2 nm of corrected 
values (Table 2.1). 
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Figure 2.5:  A Two-Color Method for Locating the Plus Ends of kMTs Relative to the Hec1 
Head in Cooled PtK2 Cells 
(A) Fluorescent image of PtK2 cells stably expressing GFP-α-tubulin cooled to 6°C, fixed, 
and stained with the Hec1 9G3 antibody and a red fluorescent secondary.  The image shows a 
kinetochore fiber and its kinetochore in the same focal plane. At right is a magnified image 
of the boxed region, showing how linescans were drawn down centers of the fibers through 
the center of Hec1-9G3 fluorescence.  
(B) Sample linescan of (A) showing GFP-α-tubulin intensity (green) and Hec1 9G3 (red) 
fluorescent intensity along the linescan.  
(C) Plot of all normalized linescans (n=92), with Hec1 9G3 centroid set to zero for each on 
the x-axis and the error function (purple) that best fits the data set. Blue lines mark x and y 
positions of the 50% amplitude of the error function. 
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Figure 2.6:  Centromere and Kinetochore Protein Architecture, Mechanics, Tension Sensing 
and Force Generation 
Schematics of the Ndc80 arm (A) and the hKnl1 arm (B) revealed by comparison of control 
and taxol-treated metaphase cells.  
(C) A tension/SAC activation-dependent intra-kinetochore switch produced by a 15 nm 
translocation of the Ndc80 arm relative to the hKnl1 arm. This translocation is proposed to 
occur by rotation of Mis12 and hDsn1 subunits coupled to relaxation of a flexible filament-
like linkage between the Ndc80 Arm and the inner kinetochore.  
(D-F) Models of the protein architecture of the KMN network of proteins within a kMT 
attachment site for depolymerizing ends (D), polymerizing ends (E), and taxol-stabilized 
ends (F). 
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Figure 2.S1: Epitope Mapping of Spc24 Antibody. 
A peptide array comprising the sequences of human Spc24 and Spc25 were adsorbed 
onto nitrocellulose and immunoprobed with Spc24 antibody. As a control, HeLa extract 
was adsorbed onto the nitrocellulose at region G12. The antibody recognized 3 spots in 
the C-terminal region of Spc24 sequence as well as the positive control. At right is the 
hSpc24 sequence with recognized peptide sequence in red. Two experiments are shown. 
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Figure 2.S2: Epitope Mapping of Spc25 Antibody. 
A peptide array comprising the sequences of human Spc24 and Spc25 were adsorbed onto 
nitrocellulose and immunoprobed with Spc25 antibody. As a control, HeLa extract was 
adsorbed onto the nitrocellulose at region G12. The antibody recognized 1 spot at the N-
terminus of Spc24 sequence and 4 spots near the C-terminus of Spc25. At right are the 
hSpc24 and hSpc25 sequences with recognized peptide sequences in red, blue, and pink. Two 
experiments are shown. By immunofluorescence, the Spc25 antibody does not appear to 
recognize the N-terminal epitope of Spc24 since Delta measurements for anti-Spc24, which 
recognizes only C-terminal epitopes (Fig. 2.S1) vs. Hec1 9G3 were identical to 
measurements for anti-Spc25. 
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Figure 2.S3: Analysis of Tilt for Red vs. Green Labels.
(A) Tilt detection from 3-D Gaussian fitting, shown by blue lines. 
(B) Tilt angles of 9G3 and Spc24-C of control cells. 
(C) Tilt angles of red and green labels from all the control cells. 
(D) Potential tilting of protein linkages: (i) Inclination tilt, Θi; 
(ii) Randomly staggered ends with Θi = 0; (iii) Sheared staggered ends with Θi = 0.
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Figure 2.S4: Signal Intensity. 
(A) Images of 9G3 and Spc24-C.  
(B) Line scan of 9G3 signal along K-K axis.  
(C) Line scan of Spc24-C along K-K axis. The images and line scan show a peak signal of 
250-350 counts above background noise (SD = 8). This yields a high signal-to-noise ratio of 
31-44. 
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Figure 2.S5: Co-localization of Fluorescent Labels within Individual Kinetochores of Sister 
Pairs by SHREC to Test if Distances are the Same and Equal to Values Measured in the 
Delta Assays. 
 
(A) Red to green vectors for bead array bound to the objective coverslip surface before 
registration. The vector length was drawn 20 times its actual length for better visualization.  
(B) Vectors after registration (80 times actual vector length).  
(C) Polar plot for both unregistered (blue) and registered (red) vectors.  
(D) Vectors of 9G3 to Spc24 for individual kinetochores of sister pairs in a sample of the 
population analyzed after correction for lateral chromatic aberration as described in Supp. 
Methods (8 times actual vector length).  
(E) A diagram showing the vector (Vm) between the middle point of the centroids of 9G3 
labels on sister kinetochores and the middle point of the centroids of Spc24-C labels for the 
same pair; the K-K axis extends between the 9G3 labels for each sister pair.  
(F) Vm vector plot for 9G3 and Spc24-C.  
(G) Vm vector plot for 9G3 and CENP-A-GFP.  
(H) Comparison among different measurements. The distance between 9G3 and the three 
other protein labels was measured for individual kinetochores by the SHREC method 
(Churchman and Spudich, 2005, 2008) with Maximum Likelihood (Churchman et al., 2006) 
correction. The results were very similar to the Delta measurements obtained from sister 
kinetochore pairs. However, errors introduced by the registration to correct for lateral 
chromatic aberration (TRE = 5.8, see Supp. Methods) made the SD of the SHREC distance 
higher than the SD of Delta for all 3 protein measurements. The standard deviation (SD) of 
the Vm vector projection on the K-K axis (Vm_kk) was calculated and compared with the 
standard deviation of Delta. Similar tests were also conducted for CENP-A-GFP and CENP-
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(I) Almost identical results for Spc24 and CENP-I (rigid by Delta analysis) shows no clear 
difference within a sister pair showing they exhibit the same values. The lower SD for 
CENP-A-GFP (compliant by Delta analysis) is particularly significant. This shows that the 
sister kinetochores exhibit the same compliance since the middle point of CENP-A-GFP 
tends to stay in the same place over a wide range of stretch and the SD for center movement 
is smaller than the SD of Delta. 
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Figure 2.S6: Maps of Key Epitopes on Large Proteins. 
Graphical representations of antigens and key structural features relevant to our 
measurements for (A) hKnl1/Blinkin; (B) CENP-E; (C) CENP-F; and (D) Bub1. For 
further antibody information, see Materials and Methods and Table 2.2. 
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Figure 2.S7: Tilt Plots for All Measurements. 
Delta before tilt correction (nm, Y-axis in all plots) was plotted as a function of tilt angle 
theta (degrees, X-axis in all plots) for a subset of the data where tilt angle could be identified. 
Least square fitting lines for each protein linkage to function x =A*cos(Flt*theta) are plotted 
onto figures, with A corresponding to intercept at theta = 0.  A equals the average value of 
Delta corrected for inclination tilt.  
(A) Control measurements.  
(B) Measurements for cells treated with 10 μM taxol for 1 hr prior to fixation. 
 
0 10 20 30 40
0
20
40
60
80
Spc24-C   (A = 45 nm, Flt = 0.79)
0 10 20 30 40
-20
0
20
40
60
Bub1-NM   (A = 26 nm, Flt = 0)
0 10 20 30 40
60
80
100
120
140
Cenp-A-GFP   (A = 107 nm, Flt = 0.49)
0 10 20 30 40
0
20
40
60
80
Spc25   (A = 45 nm, Flt = 0.69)
0 10 20 30 40
0
20
40
60
80
KNL3/hMis13/Dsn1-C   (A = 47 nm, Flt = 0.62)
0 10 20 30 40
0
20
40
60
80
hNsl1/DC31/hMis14   (A = 49 nm, Flt = 0.84)
0 10 20 30 40
20
40
60
80
100
hNnf1/PMF1   (A = 56 nm, Flt = 0.47)
0 10 20 30 40
0
20
40
60
80
Mis12   (A = 48 nm, Flt = 0.71)
0 10 20 30 40
0
20
40
60
80
hKNL1/AF15q14/Blinkin-M   (A = 34 nm, Flt = 0)
0 10 20 30 40
20
40
60
80
100
CENP I   (A = 62 nm, Flt = 0.78)
0 10 20 30 40
20
40
60
80
100
CENP T   (A = 59 nm, Flt = 0.59)
0 10 20 30 40
40
60
80
100
120
CENP C   (A = 79 nm, Flt = 0.52)
0 10 20 30 40
-40
-20
0
20
40
Cenp E-MC   (A = -3 nm, Flt = 0)
0 10 20 30 40
-60
-40
-20
0
20
Cenp E-NM   (A = -13 nm, Flt = 1.51)
0 10 20 30 40
-40
-20
0
20
40
Cenp F-C   (A = -4 nm, Flt = 0)
0 10 20 30 40
-80
-60
-40
-20
0
Cenp F-M   (A = -48 nm, Flt = 0.19)
0 10 20 30 40
-60
-40
-20
0
20
CLASP   (A = -29 nm, Flt = 0)
0 10 20 30 40
-40
-20
0
20
40
9G3 Red vs Green   (A = 0 nm, Flt = 0.02)
0 10 20 30 40
-40
-20
0
20
40
Hec1-GFP   (A = 3 nm, Flt = -0.01)
99
???
0 10 20 30 40
0
20
40
60
80
Spc24-C   (A = 45 nm, Flt = 0.46)
0 10 20 30 40
-20
0
20
40
60
Bub1-NM   (A = 18 nm, Flt = 0)
0 10 20 30 40
40
60
80
100
120
Cenp-A-GFP   (A = 78 nm, Flt = 0.88)
0 10 20 30 40
-20
0
20
40
60
KNL3/hMis13/Dsn1-C   (A = 35 nm, Flt = 1.14)
0 10 20 30 40
0
20
40
60
80
hNsl1/DC31/hMis14   (A = 49 nm, Flt = 1.03)
0 10 20 30 40
20
40
60
80
100
hNnf1/PMF1   (A = 54 nm, Flt = 0.94)
0 10 20 30 40
0
20
40
60
80
Mis12   (A = 44 nm, Flt = 1.34)
0 10 20 30 40
-20
0
20
40
60
hKNL1/AF15q14/Blinkin-M   (A = 24 nm, Flt = 0.83)
0 10 20 30 40
0
20
40
60
80
CENP I   (A = 47 nm, Flt = 0.88)
0 10 20 30 40
0
20
40
60
80
CENP T   (A = 43 nm, Flt = 0.76)
0 10 20 30 40
20
40
60
80
100
CENP C   (A = 57 nm, Flt = 0.38)
0 10 20 30 40
-40
-20
0
20
40
Cenp E-MC   (A = -12 nm, Flt = 1.89)
0 10 20 30 40
-80
-60
-40
-20
0
Cenp E-NM   (A = -33 nm, Flt = 0)
0 10 20 30 40
-60
-40
-20
0
20
Cenp F-C   (A = -14 nm, Flt = 0)
0 10 20 30 40
-100
-80
-60
-40
-20
Cenp F-M   (A = -57 nm, Flt = 0)
0 10 20 30 40
-80
-60
-40
-20
0
CLASP   (A = -40 nm, Flt = 0.83)
102
103 
 
Figure 2.S8: Delta Plots for All Measurements. 
Delta before tilt correction (nm, Y-axis in all plots) was plotted as a function of K-K 
measured between Hec1 9G3 centroids of sister kinetochores (μm, X-axis in all plots).  
(A) Control measurements.  
(B) Measurements for cells treated with 10 μM taxol for 1 hr prior to fixation 
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Figure 2.S9: KMT Fiber Orientation. 
Histogram showing uniform distribution of kMT fiber orientation angle relative to the 
horizontal image axis for the data set. Even sampling of fibers from all orientations ensured 
additional measurement errors due to chromatic aberrations in the optics were minimal. 
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Figure 2.S10: Centromeric Chromatin Compliance and Assembly of 
Multiple Attachment Site Kinetochores. 
 
A. Depth and Compliance of CENP-A and CENP-C within the peripheral centromeric 
chromatin in comparison to the stiff kinetochore during chromosome oscillations. Using 
CENP-I as a marker for the peripheral surface of the centromeric chromatin, at minimal 
centromere stretch, the separation between the centroids of CENPI and CENP-C was ~11 nm 
and the centriods of CENP-I and CENP-A ~30 nm.  Assuming uniform distribution, these 
numbers indicate total depths of 22 nm for CENP-C and ~60 nm for CENP-A. At maximal 
centromere stretch, these depths increase to 46 nm and 128 nm respectively. The region of 
the centromere containing CENP-A appears to be about twice the stiffness of the bulk of the 
centromeric chromatin. 
 
B. Speculative Model for how the Kinetochore is Built from Multiple kMT Attachment Sites. 
Kinetochores with multiple attachment sites are constructed from a two-dimensional parallel 
array of chromatin fibers that extend along the K-K axis at metaphase, each with kinetochore 
protein complexes assembled at their peripheral tips.  To account for the anisotropic 
properties of the kinetochore and peripheral centromere (strong along the inner-outer axis 
and weak laterally), we suggest that a kinetochore microtubule attachment site is primarily 
linked to one or a few chromatin fibers at their peripheral tips where the path of the DNA 
changes from an outside to an inside direction (Yeh et al., 2008). Mechanical anisotropy at 
the centromere periphery results from weak lateral linkages (yellow rectangles) between 
neighboring chromatin fibers and potentially in between their kMT attachment sites. There 
are several points of similarity of the proposed side-by-side attachment sites to published 
high resolution tomographs (Dong et al., 2007). These include the low contrast gap, and a 45 
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nm thick outer plate mainly defined by the 45 nm axial length of the bent Ndc80 complex. 
The horizontal arms of the Ndc80 and Mis12 complexes could produce the horizontal 
filaments reported near the inner surface of the outer plate in electron micrographs (Dong et 
al., 2007). 
 
A Half-Centromere Length
During Oscillations
Minimum
Average
Maximum
CENP-A + CENP-C
CENP-A
1000 nm
KMN-CCAN
Supplementary
Figure 10
Adjacent Attachment sites 
at Low Magnification
B
Weak 
Lateral 
Linker
Chromatin
Fiber
Inner Plate
GAP
Outer Plate
110
111 
 
Figure 2.S11: Statistical Analysis of Average Delta Values. 
 
Statistical significance between any two different delta measurements was calculated by 
paired t-test (ttest2 in MATLAB). The difference between the two measurements was 
characterized by their mean value difference. Statistical significance was represented by a 
number between 1 and 0 (the p-value). 
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CHAPTER 3: CHANGES IN KINETOCHORE PROTEIN ARCHITECTURE IN THE 
ABSENCE OF HUMAN Spindly 
Contributing authors: Ryan P. O’Quinn, Thomas J. Maresca, Xiaohu Wan, Dileep Varma, 
and E.D. Salmon 
Abstract 
Cytoplasmic dynein plays a number of important roles in the cell, one of which is the 
stripping of spindle assembly checkpoint (SAC) proteins off of mitotic kinetochores and 
transporting them to spindle poles.  Recent studies have elucidated a major pathway for 
dynein recruitment to kinetochores through the Rod/Zwilch/ZW10 (RZZ) complex (already 
known to be essential for Mad1/Mad2 recruitment) and its recently identified downstream 
binding partner, Spindly.  Here we show that depletion of Spindly in human HeLa cells 
results in SAC protein Mad1 binding to aligned kinetochores at the same levels as unattached 
kinetochores, and that it localizes along the inner-outer kinetochore axis proximal to the 
calponin homology domain of Hec1.  Spindly-depleted cells delay in mitosis with a small 
portion of chromosomes slow to congress to the metaphase plate, and have both reduced 
interkinetochore tension across the centromere and reduced stretch within kinetochores 
themselves.  This reduction in tension is not due to improper kinetochore microtubule 
attachment and is independent of SAC activation.  Our data suggest that hSpindly is a 
contributing factor to the SAC signal through a role in regulating relative protein 
organization within mitotic kinetochores. 
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Introduction 
 Faithful segregation of the genome in mitosis from one cell into two daughter cells is 
essential to avoid aneuploidy, a condition where the daughter cells receive either too few or 
too many chromosomes.  Cells must align all chromosomes via their kinetochores making 
proper end-on attachments to spindle microtubules in order to safely divide the replicated 
genome precisely in two (May and Hardwick, 2006; Musacchio and Salmon, 2007).  This 
process must occur relatively quickly; HeLa cells typically align all chromosomes after 
nuclear envelope breakdown and initiate anaphase in roughly 45 minutes (Yang et al., 
2008b).  A complex mechanism known as the spindle assembly checkpoint (SAC) delays the 
onset of anaphase until all kinetochores are suitably attached and aligned.  This process 
ensures that only one copy of each chromosome ends up in each daughter cell (May and 
Hardwick, 2006; Musacchio and Salmon, 2007).  The observation that a single unattached 
kinetochore on one unaligned chromosome can delay anaphase (Rieder et al., 1995) has led 
to controversy over the exact nature of this “wait-anaphase” signal.  Full occupancy and 
attachment of microtubules has been proposed as one criterion, with another possibility being 
a mechanism of detecting a threshold level of tension between sister kinetochores across 
centromeres. 
 A number of proteins have been implicated to function as part of the SAC.  The target 
of the SAC is preventing activation of the Anaphase Promoting Complex (APC/C) by Cdc20.  
It is thought that this is achieved through two main pathways: a diffusible Cdc20 inhibitor 
deployed by Mad1 and Mad2 at kinetochores, and a conglomeration of BubR1, Bub3, Mad2 
known as the mitotic checkpoint complex (MCC), which is present in the cytoplasm as a 
complex throughout the cell cycle and also binds Cdc20 directly (Chapter 1, May and 
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Hardwick, 2006; Musacchio and Salmon 2007).  Numerous proteins collaborate at the 
kinetochore to recruit and regulate SAC proteins.  Among those known to be required for 
SAC recruitment and organization are the Ndc80 complex, Knl1, Bub1, motor protein 
CENP-E, and the Rod/ZW10/Zwilch (RZZ) complex (Abrieu et al., 2000, Cheeseman et al., 
2004, DeLuca et al., 2005, Kops et al., 2005).  Depletion or impairment of any of these 
proteins results in failure to recruit Mad1/Mad2 to kinetochores and hence no SAC signal.  
Cells with no checkpoint frequently enter anaphase with unaligned chromosomes and are 
prone to aneuploidy (Musacchio and Salmon, 2007). 
 Abolishment of the SAC signal once all chromosomes are properly aligned at the 
spindle equator is as equally important to the cell as its quick establishment.  The major 
mechanism by which cells halt the “wait-anaphase” signal is the stripping of SAC proteins 
off of kinetochores at metaphase once chromosomes are aligned by the minus motor protein 
dynein and its cofactor dynactin (Howell et al., 2001; Wojcik et al., 2001).  Dynein performs 
a number of critical roles in cells both in interphase and mitosis, including spindle 
positioning, regulation of spindle length, and focusing of spindle poles (Chan et al., 2009).  
There are two principal pathways that recruit dynein to kinetochores at mitosis: one is 
through CENP-F and downstream binding partners Nde1, Ndel1, and Lis1 (Stehman et al., 
2007; Vergnolle and Taylor, 2007), and the other is through the RZZ complex and its 
recently characterized binding partner Spindly (Griffis et al., 2007; Gassmann et al., 2008; 
Chan et al., 2009).   
 We wanted to use Spindly’s known role in dynein recruitment to kinetochores to 
examine important questions about the maintenance of the SAC signal in human cells.  Here, 
we deplete human Spindly and show that in the resulting absence of dynein stripping activity, 
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SAC protein Mad1 remains at kinetochores of chromosomes aligned at the spindle equator.  
We also wanted to investigate the effect of impairment of dynein function at kinetochores on 
the rest of the proteins present there during mitosis.  In previous work, our group measured 
intrakinetochore stretch by measuring the separation of two fluorescent protein labels, Delta, 
between the Ndc80 complex and CENP-A in Drosophila S2 cells (Maresca and Salmon, 
2009).  We use the Delta measurement method (Chapter 2) to find the centroids of Mad1, 
Hec1, and inner kinetochore protein CENP-I labels and find that this population of Mad1 at 
Spindly-depleted kinetochores localizes along the kinetochore inner-outer axis proximal to 
the calponin homology domains of Hec1 near its N-terminal microtubule attachment site.  
We further confirm this finding by showing similar results from cells depleted of Nde1 and 
Ndel1, which comprise the other major kinetochore recruitment pathway for dynein in cells.   
In Chapter 2, we identified two “arms” of kinetochore proteins, the “Knl1 arm” and 
the “Ndc80 arm”, that appear to share certain motile characteristics when cells were treated 
with taxol to reduce tension across centromeres and activate the SAC.  Importantly, only the 
Ndc80 arm exhibited intrakinetochore stretch and inward displacement relative to the 
centromeric chromatin; there was no evidence of likewise movement from the Knl1 arm 
(Chapter 2).  In this chapter, we focus on the behavior of the Ndc80 arm in the absence of 
Spindly and kinetochore dynein/dynactin function by measuring Delta between the Hec1 
9G3 epitope and CENP-I.  Intrakinetochore stretch for the purposes of this study will be 
defined as the outward displacement of the Ndc80 arm along the inner-outer kinetochore axis 
away from the centromeric chromation. 
We find that Delta separation distances between Hec1 and CENP-I are significantly 
reduced in Spindly-depleted cells to the extent that they resemble cells treated with taxol 
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(Chapter 2).  The distance between sister kinetochores aligned at the spindle equator was also 
reduced.  These reductions in intra- and interkinetochore tension in the absence of Spindly 
appear not to be due to improper kinetochore-microtubule attachment, as kinetochore fibers 
are cold stable and sister kinetochore pairs still oscillate at the metaphase plate in Spindly-
depleted cells as in control cells.  We find that Spindly-depleted cells delay anaphase onset 
for 2-2.5 hours, but then eventually complete mitosis.  During the course of this delay, Mad1 
levels dropped, and the reduced separation distances within single kinetochores and between 
sister kinetochores increased to near control lengths.  We conclude that dynein activity at 
kinetochores as revealed by depletion of its recruiter Spindly is required but not sufficient for 
timely resolution of the SAC signal.  These findings have important implications for what the 
SAC senses and how cells accurately divide in mitosis. 
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Materials and Methods 
Cell Culture and Cell Synchronization  
HeLa cells were cultured in DMEM supplemented with 10% fetal bovine serum 
(Atlanta Biological Systems, Atlanta, GA), streptomycin, and penicillin.  All cell culture 
reagents were purchased from Invitrogen/Gibco (Carlsbad, CA) unless otherwise specified 
and all chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise 
specified.  Cells were plated on glass 22X22 coverslips overnight before transfection. 
Cells were synchronized by double thymidine block and timed prior to processing for 
imaging to enhance the percentage of late prometaphase and metaphase cells.  In short, for 
each well 30 µL of a 200mM stock solution of thymidine in 1X PBS was added to 2.5 mL of 
antibiotic-free DMEM supplemented with 10% FBS.  Each well was washed with 1X PBS 
and then the thymidine media was added.  Cells were released from the first block after 18 hr 
and were replenished with antibiotic-free, thymidine-free media for 9 hr.  Cells were then 
blocked again for 18 further hours, and then released again in the same manner.  Cells were 
processed for imaging 9 hours after the second release. 
 
RNAi and Drug Treatment 
For RNAi experiments, cells were transfected with Dharmacon smartPOOLs of 4 
targeted oligos (Thermo-Fisher, Waltham, MA).  Oligos used can be found in Supplemental 
Table 1.  RNAi targeted to beetle luciferase was used as a control RNAi.  For transfection of 
each well, 3 µL of DharmaFECT 1 transfection reagent was mixed with 197 µL OptiMEM 
and allowed to sit at room temperature for 5 min.  RNAi was added to OptiMEM to a final 
concentration of 100 nM in a volume of 200 µL and sat for 5 min at room temperature.  The 
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transfection reagent and RNAi tubes were then mixed and allowed to form complexes for 25 
min at room temperature.  The final 400 µL solution was then added to cells.  If cells were 
synchronized, RNAi treatment was done concurrently with initial thymidine block.  Cells 
were processed for imaging 54 hrs after transfection. 
 
Immunofluorescence 
Immunofluorescence using 4% paraformaldehyde as fixative was carried out as 
described previously (Howell et al., 2000).  In short, cells were quickly fixed  in 4% 
paraformaldehyde for ~20 seconds to adhere them to the glass coverslips, then permeabilized 
in 0.5% Triton X-100 in PHEM buffer, fixed for 20 min in paraformaldehyde, rinsed, 
blocked in 5% boiled donkey serum at room temperature for 30 min, and incubated overnight 
in primary antibody diluted in 5% BDS at 4°C. The next morning, cells were rinsed, 
incubated in secondary antibodies at 1:200 dilution in 5% boiled donkey serum, rinsed, 
counterstained with DAPI, rinsed, and mounted on coverslips in 95% glycerol/0.5% n-propyl 
gallate mounting media (refractive index 1.46) (Cimini et al., 2001). 
 
For all samples, digital images were acquired using a Yokogawa (Tokyo, Japan) 
CSU10 Spinning Disk Confocal Fluorescence microscopy system (Maddox et al., 2003), 
a Nikon (Melville, NY) 100X 1.4 NA DIC Apochromatic objective, and a Hamamatsu 
(Hamamatsu, Japan) Orca AG cooled charge coupled device (CCD) camera at a 
magnification of 65 nm/pixel at the detector. Metaphase cells with metaphase plates 
perpendicular to the coverslip surface were identified by eye, and then red and green image 
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pairs were acquired at 200 nm intervals along the Z-axis through the cell to obtain two-color 
3D image stacks. 
 
Live Cell Microscopy  
For live fluorescence and phase contrast imaging, cells were placed in modified Rose 
chambers and imaged on a Nikon TE2000 inverted microscope as described previously 
(Chapter 2). Cell culture media was replaced with phenol red-free L-15 medium (Sigma) and 
cells were kept at 37°C.  HeLa cells stably expressing GFP-CENP-A were a kind gift of Dr. 
Jan Ellenberg (Gerlich et al., 2003).   
 
Data Analysis 
Delta measurements were made as described previously (Chapter 2).  In short, 
metaphase cells labeled with primary antibodies to Hec1 and CENP-I were stained with red 
and green secondary antibodies, respectively.  For Spindly RNAi cells, we selected late 
prometaphase cells for analysis that had a great majority of chromosomes aligned in a 
metaphase-plate like fashion at the spindle equator.  Centroids of the fluorescent signals were 
found using a custom MATLAB (MathWorks, Natick, MA) algorithm and the average red-
to-green distances for each pair were calculated as described previously (Chapter 2). 
Integrated protein fluorescence values at kinetochores minus surrounding cellular 
background were obtained from two-color image stacks using MetaMorph 7.0 software 
(Molecular Devices, Downingtown, PA) and analyzed as described previously (Hoffman et 
al., 2001; Howell et al., 2000).  In short, sister kinetochore pairs were selected where both 
kinetochores had their peak fluorescence intensity in the same image plane.   Circular regions 
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of size 9 X 9 pixels and size 13 X 13 pixels were placed around each kinetochore, and the 
integrated intensity of the 9 X 9 region minus cytoplasmic background fluorescence was 
calculated in Microsoft Excel using the following formula: 
                                         
where FS = the measured integrated fluorescence of the 9X9 region, FL = the measured 
integrated fluorescence of the 13X13 region, and AS and AL the area of the 9X9 and 13X13 
pixel regions, respectively.  The fluorescence intensities for each wavelength of each 
kinetochore were then ratioed relative to each other and averaged. 
 For mitotic progression experiments, cells at various time points after release from 
double thymidine block were fixed as above and stained with DAPI to visualize DNA.  
Slides were imaged in a widefield microscope with a 40X DIC objective (Nikon).  Cells in 
mitosis were categorized by whether anaphase had begun (i.e. chromatid separation was 
visible by eye).  Recording and analysis of all data was performed in Microsoft Excel. 
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Results and Discussion 
Mad1 Labels Human Late Prometaphase Kinetochores in the Absence of Spindly or 
Nde1/Ndel1 
Previous work has shown that Mad1 is stripped from kinetochores after microtubule 
attachment by the minus-directed motor protein dynein and is transported to the poles.  In 
control cells this process occurs shortly after a chromosome becomes aligned at the 
metaphase plate (Howell et al., 2001, Wojcik et al., 2001).  A portion of Mad1 is dynamic 
and cycles on and off kinetochores, but a sizable portion is stable there during mitosis 
(Howell et al., 2004; Shah et al., 2004).  We hypothesized that interfering with dynein 
activity at kinetochores either by preventing its recruitment to kinetochores or impairing 
dynein’s stripping activity might allow us to examine localization of Mad1 within the 
kinetochores of chromosomes aligned at the spindle equator.  Dynein has been proposed to 
be recruited and regulated at kinetochores by two pathways: one, through the RZZ 
(Rod/ZW10/Zwilch) complex and its downstream binding partner Spindly, a recently 
identified coiled-coil protein that has been shown to bind to dynein and dynactin via a 
conserved motif (Chan et al., 2009; Gassmann et al., 2008; Griffis et al., 2007).  The other 
pathway is regulated by CENP-F through its downstream binding partners NudE and NudEL, 
known as Nde1 and Ndel1 in humans (Stehman et al., 2007; Vergnolle and Taylor, 2007).   
To investigate Mad1 localization in the absence of kinetochore-localized dynein 
motor activity, we knocked down Spindly and/or Nde1 and Ndel1 in HeLa cells by 
transfecting pools of four siRNA oligos custom-designed to target each protein (Table 3.1).  
Spindly-depleted cells showed a clear phenotype which had been described previously 
(Griffis et al 2007), which consisted of several chromosomes being misaligned at the spindle 
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equator at positions off of the metaphase plate.  Nde1 and Ndel1-depleted cells had a more 
subtle phenotype, but as described previously they too had problems fully aligning 
chromosomes at the spindle equator (Stehman et al 2007).  Cells depleted of all three proteins 
exhibited the Spindly phenotype (Figure 3.1A).  Levels of knockdown were assessed by 
Western blot.  Spindly protein levels measured by Western blot analysis were seen to be 1% 
of luciferase GL2 duplex control RNAi values in cell populations (Figure 3.1B). 
As expected, depletion of Spindly and Nde1/Ndel1 produced enhanced Mad1 staining 
at metaphase human kinetochores.  Unlike the crescent-shaped coronal staining seen in 
nocodazole-treated cells or at early prometaphase (Figure 3.1C), Mad1 localization at 
Spindly and Nde1/Ndel1-depleted cells took the form of a punctate dot reminiscent of other 
outer and inner kinetochore proteins such as Hec1, Bub1, and the CCAN proteins (Figure 
3.1D).  Notably, fluorescence intensity levels of Mad1 at kinetochores of aligned 
chromosomes matched levels seen at the misaligned chromosomes in the same cell (Supp. 
Figure 3.S1). 
 
A Population of Mad1 Closely Colocalizes with Ndc80 Head Domains 
The signal-to-noise ratio of the Mad1 staining retained at kinetochores of aligned 
chromosomes in Spindly-depleted cells was sufficiently high enough to allow us to 
accurately define the centroids of the Mad1 signal (Chapter 2).  Kinetochores were labeled 
with primary antibodies to Mad1 and CENP-I, a core CCAN protein whose position lies 
close to the periphery of the centromeric chromatin, and red and green secondary antibodies, 
respectively.  We then measured their separation using two-color Delta measurements to map 
Mad1’s kinetochore localization in these conditions (Chapter 2).  Delta separation distances 
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measured between Mad1 and CENP-I consistently averaged ~48 nm in Spindly-depleted 
cells, Nde1/Ndel1 depleted cells, and cells depleted of all three proteins simultaneously 
(Figure 3.1E).  To discern localization of Mad1 relative to the well-characterized outer 
kinetochore protein Hec1, Delta measurements were also taken for Hec1 vs. CENP-I using 
the same method.  In Spindly-depleted cells, the 9G3 epitope located next to the Hec1 
calponin homology domain was on average 44 +/- 11 nm separated from CENP-I (Figures 
3.2A-B), indicating that the population of Mad1 at metaphase kinetochores in Spindly and 
Nde1/Ndel1-depleted cells and Hec1 are likely separated by only 2-3 nm.  This result may in 
part explain previous findings that the calponin homology domain of Hec1 is required for 
Mad1/Mad2 accumulation at unattached kinetochores and an active spindle assembly 
checkpoint (Guimaraes et al., 2008). 
 
Intrakinetochore Stretch is Significantly Reduced in Spindly-Depleted Cells but not in Cells 
Depleted of Mad1 
The Delta value for Hec1-CENPI Delta in Spindly-depleted cells, 44 +/- 11 nm 
(Figures 3.2A,C), was significantly smaller than that measured for control RNAi cells, which 
was ~53 +/- 8 nm.  A similar decrease in Delta was also encountered previously when 
metaphase cells were treated with 10 µM taxol to cause loss of interkinetochore centromere 
stretch and activate the spindle assembly checkpoint. 
Previous work in our lab hypothesized that the loss of intrakinetochore stretch, 
observed in that study after RNAi depletion of RZZ protein ZW10, may trigger activation of 
the spindle assembly checkpoint in Drosophila S2 cells (Maresca and Salmon, 2009).  To 
attempt to investigate the hierarchy of the signaling pathway in human cells, we depleted 
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cells of SAC protein Mad1 to prevent SAC activation.  Knockdown levels exceeded 90% by 
Western Blot analysis (Figure 3.2B).  Most cells aligned their chromosomes before entering 
anaphase.   
 
To confirm that our siRNA transfection was robust, we transfected cells with siRNA 
oligos labeled with fluorophores at the 5’ end (Table 3.1).  Spindly oligos were labeled with 
5’-fluroscein, while Mad1 oligos were labeled with DY-547, a custom-designed fluorophore 
(ThermoFisher, Waltham, MA) intended to mimic Cy3.  We found that every mitotic cell in 
our population was labeled with both sets of colored oligos.  While this obviously cannot 
ensure that every cell is fully knocked down, it appears the transfection efficiency of our 
siRNAs in HeLa cells is close to 100% (Supp. Figure 3.S2). 
Hec1 to CENP-I Delta values in Mad1-depleted cells were not significantly different 
from control RNAi (Figures 3.2A,C).  We next depleted cells of both Spindly and Mad1 
(Figure 3.2A-B).  We found that cells exhibited the late prometaphase phenotype matching 
that of Spindly knockdowns prior to entering anaphase.  We also found that Delta values in 
the Spindly/Mad1 double depletion were similar to the reduced values found with Spindly 
depletion alone (Figures 3.2).  In agreement with the previous Drosophila S2 data, we 
conclude that the reduction in intrakinetochore stretch, induced by depletion of Spindly, 
occurs upstream of the SAC. 
 
Interkinetochore Stretch is Also Reduced in the Absence of Spindly 
Many previous studies have investigated the role of interkinetochore centromere 
stretch, or tension, in activation of the SAC with varying results.  We measured the 
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interkinetochore distance between Hec1 centroids (K-K distance) of sister pairs in HeLa cells 
concurrently with our Delta assay and found that average K-K distance was reduced 
significantly in cells depleted of Spindly (Figure 3.2D), from an average value of 1.3 µm in 
control RNAi cells to 1.0 µm in Spindly knockdowns.  For reference, the rest length of the 
centromere has a K-K distance of ~0.7 µm measured in cells treated with nocodazole to 
depolymerize all microtubules (Chapter 2, Kline et al., 2006).  We found, however, that 
knocking down Mad1 had no effect on average K-K distance of aligned chromosomes 
(Figure 3.2D).  Much like our results for intrakinetochore stretch, depletion of both Spindly 
and Mad1 resulted in a reduction in interkinetochore stretch to the same value as seen for 
Spindly depletion alone.  These results are in agreement with previous data measured in 
human cells (Griffis et al., 2007).   
 
Reduction of Intra- and Interkinetochore Stretch in the Absence of Spindly is Not Due to 
Improper Kinetochore Microtubule Attachment 
Previous work has shown that Nde1 and Ndel1-depleted cells were deficient in 
microtubule attachment stability (Stehman et al., 2007).  To investigate whether this 
possibility could account for the reductions of intra- and interkinetochore stretch in our 
Spindly knockdown experiments, we subjected Spindly-depleted cells to cold treatment on 
ice with ice cold media for 10 min to depolymerize all non-kinetochore microtubules.  This 
treatment leaves behind only kinetochore microtubule fibers that are stably attached in an 
end-on fashion to bioriented kinetochores (DeLuca et al., 2005).  Surprisingly, Spindly-
depleted cells maintained robust k-fibers, much as occurs for kinetochores in aligned 
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chromosomes in control cells.  This indicated that kMT attachments were relatively stable in 
the absence of Spindly (Figure 3.2E). 
As a further confirmation of kinetochore microtubule attachment stability, we 
depleted Spindly in cells stably expressing GFP-CENP-A and imaged them live to test if 
aligned chromosomes oscillated like those in normal cells.  Sister kinetochores in both cell 
populations depleted of Spindly alone or co-depleted of Spindly and Mad1 were seen to 
oscillate and to exhibit directional instability (data not shown), which is again an indication 
that kinetochore-microtubule attachment is not impaired in the absence of Spindly. 
 
Spindly-Depleted Cells Are Delayed in Anaphase Onset 
 Recent studies have reported that Spindly-depleted HeLa cells arrest in mitosis with 
the majority of chromosomes aligned at the spindle equator (Griffis et al., 2007, Chan et al., 
2009).  There is some controversy about this delay, both in its duration, and in whether it is a 
prometaphase arrest or a metaphase arrest due to the semi-aligned nature of the 
chromosomes.  One group saw total time in mitosis extend to either 92 min or 148 min in 
live-cell imaging depending on the reagents used (Chan et al., 2009).  They also observed 
some cells remain blocked in mitosis for greater than 240 min, and then enter apoptosis.  We 
also observed long delays in mitosis (in the 2-3 hr range) and cell death over 4-8 hrs in live-
cell imaging (data not shown) but we feared that the conditions of imaging were artificially 
influencing the observations.  Instead, we decided to take a different approach to sidestep 
some of the ambiguities of live cell imaging and differences in reagents – we synchronized 
HeLa cells using double thymidine block, and then fixed and stained cells 9 hours post-
release, when ~20% of all cells should be in metaphase ((Tighe et al., 2007), Mary Dasso, 
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personal communication) and then at 10 hrs and 11 hrs post-release.  We stained cells with 
DAPI and stained kinetochores with Hec1 to assist with assessment of mitotic phase.  To 
simplify analysis, we categorized cells broadly based on whether or not they had initiated 
anaphase.  This experiment was undertaken for cells depleted of Spindly to assess their 
mitotic block, cells depleted of Mad1 to assess progression in this assay in the absence of a 
kinetochore SAC signal, cells depleted of both Spindly and Mad1, and cells depleted with a 
control siRNA (Figure 3.4A) 
 All conditions except for the Mad1-depleted cells exhibited similar proportions of 
pre-anaphase cells at the initial 9 hr post thymidine-release timepoint, with approximately 
80% of mitotic cells having not entered anaphase (Figure 3.4A, C).  Since cells are in 
metaphase or late prometaphase, and the duration of HeLa mitosis from nuclear envelope 
breakdown (NEBD) to anaphase onset is normally ~45 min (Yang et al., 2008b), we can 
assume at the 9 hr timepoint that cells are anywhere from 30-45 min post NEBD.  
Interestingly, Mad1-depleted cells had a markedly lower proportion of cells (~50%) pre-
anaphase at the 9 hr point, indicating that ~30% of the mitotic cells prematurely entered 
anaphase several minutes early due to the absence of Mad1 and hence Mad2 at kinetochores 
(Figure 3.4A,C). 
 The percentage of pre-anaphase cells decreased to 50% at the 10 hr timepoint for both 
control RNAi cells and cells depleted of both Spindly and Mad1.  Mad1-depleted pre-
anaphase cells declined further to <40%.  In contrast, cells depleted of Spindly alone still had 
nearly 70% of mitotic cells in pre-anaphase after an additional hour of mitosis (Figure 
3.4A,C).  We observed this qualitatively as well as quantitatively; representative 40X fields 
routinely showed significantly more anaphases and telophases in the control RNAi treatment 
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than the Spindly RNAi (Figure 3.4B).  Finally, at the 11 hr post-release timepoint, 49% of 
cells depleted of Spindly alone had not initiated anaphase, while both controls and 
Spindly/Mad1 co-depleted cells had dropped to 30%, the same as that seen for Mad1-
depleted cells.  For the Spindly-depleted cells, we find that still 49% of the population is 
blocked in prometaphase or metaphase more than 150 minutes post-thymidine release 
(Figure 3.4C).  This observation supports an overall mitotic arrest in the 2-2.5 hour range, 
such as that proposed by Chan et al., 2009, and we conclude that this arrest is due to the 
presence of Mad1. 
      
Spindly-Depleted Cells Gradually Lose Mad1 Staining, and Increase Intra- and Inter-
Kinetochore Stretch Before Entering Anaphase 
 We hypothesized from the localization of Mad1 at aligned kinetochores (Figure 3.1) 
and the delay in anaphase onset (Figure 3.3) in Spindly-depleted cells that the mitotic arrest 
was due to this residual accumulation of Mad1 and the reduction in Delta between the inner 
(CENP-I) and outer (Hec1) kinetochore.  To explore this idea, we used the same premise as 
the mitotic progression experiment to look at Mad1 levels, intrakinetochore stretch, and K-K 
distance at kinetochores.  We fixed HeLa cells at 9, 10, and 11 hours post-thymidine block 
release, and stained one subset of cells with antibodies labeling Mad1 and CENP-I, and 
another with antibodies labeling Hec1 and CENP-I.  At 9 hours post-release, Mad1 staining 
was readily detectable in Spindly-depleted cells at kinetochores of aligned chromosomes.  At 
10 hours post-release, however, the Mad1 signal had dropped more than 80%, and declined a 
further 10% at 11 hours (Figure 3.4A-B).  Concurrently, we found average Delta separation 
at 10 hrs post-release between Hec1 and CENP-I regained about 1/3 of the difference 
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between controls and the 9 hr timepoint (Figure 3.4C).  Additionally, K-K distance rose as 
well, reaching near-control levels by 11 hr (Figure 3.4D).  Consistent with our observations 
that half of Spindly-depleted cells in mitosis do initiate anaphase within 2-2.5 hours of 
NEBD (Figure 3.3), it appears that they are able to gradually dissociate Mad1 off their 
aligned kinetochores and establish tension both within single kinetochores and across sister 
pairs. 
 
Dynein May be a Key Regulator of Kinetochore Protein Architecture and of the Spindle 
Assembly Checkpoint 
Previous studies have characterized Spindly as a recruiter and regulator of 
cytoplasmic dynein specifically at kinetochores (Griffis et al., 2007, Gassmann et al., 2008, 
Yamamoto et al., 2008, Chan et al., 2009).  Our data support this theory, with some 
important new insights.  We find that disrupting dynein’s ability to reach kinetochores by 
depletion of Spindly leaves SAC protein Mad1 at kinetochores even after chromosomes have 
congressed to the spindle equator (Figure 3.1) and that impairment of kinetochore dynein 
activity results in reduction of both intra- and inter-kinetochore stretch (Figure 3.2).  These 
observations do not appear to be due to improper kinetochore microtubule attachment, as 
Spindly-depleted cells exhibit robust cold-stable kMT fibers and undergo normal directional 
instability and chromosome oscillations in live cells (Figure 3.2E).  Finally, we find that 
Spindly-depleted cells significantly delay anaphase onset, but many cells eventually go into 
anaphase after 2-2.5 hours (Figure 3.3).  This corresponds with loss of Mad1 signal at aligned 
kinetochores and a re-establishment of normal metaphase separations between the inner and 
outer kinetochore and also between sister kinetochores (Figure 3.4).  Taken together, these 
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data lead us to conclude that dynein function at kinetochores is necessary, but not sufficient, 
to establish tension both within and between kinetochores.  We cannot rule out the 
possibilities that some dynein remains at kinetochores.  This could result from incomplete 
Spindly depletion or from redundant dynein recruitment from other pathways such as the 
Nde1/Ndel1 pathway, which has been shown to be independent of Spindly levels (Chan et 
al., 2009).  The presence of Mad1 at aligned kinetochores at levels similar to unattached 
kinetochores (Supp Fig. 3.S1) leads us to conclude that dynein function is substantially 
impaired.  It seems likely that a secondary mechanism is involved in the eventual loss of 
Mad1, re-establishment of intrakinetochore stretch, and satisfaction of the mitotic arrest.  We 
are currently testing potential theories and believe that microtubule dynamics may be 
involved.   
 
Intrakinetochore Stretch Signals to the Spindle Assembly Checkpoint 
 An emerging hypothesis that this work supports is that organization of protein 
architecture within kinetochores is just as important, if not more so, than the traditionally-
held theory that the SAC senses tension across the centromere.  Our group had previously 
theorized that changes in intrakinetochore stretch in Drosophila S2 cells are involved in the 
SAC signaling pathway (Maresca and Salmon, 2009). Our observations in human cells that 
depletion of Mad1 did not reduce Delta between Hec1 9G3 and CENP-I or time prior to 
anaphase while Spindly depletion did both support this idea that intrakinetochore stretch, 
mediated in part by dynein, is a major contributing factor to the SAC signal.  In addition, our 
observation that co-depleting Spindly and Mad1 results in the same loss of intrakinetochore 
stretch as Spindly depletion alone but does not induce a mitotic delay supports the theory that 
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Delta is upstream of Mad1/Mad2.  Our group also has previously hypothesized that the 
Ndc80 and Knl1 “arms” of the kinetochore may be held apart by a protein that can bind 
members of both arms (Chapter 2, Maresca and Salmon, 2009).  This protein and its 
cofactors would be a critical “pin” in a mechanical lever arm system controlled by a binary 
molecular switch within kinetochores that regulates separation between their inner and outer 
domains. One potential candidate was Mad1 itself, but since we showed in this study that 
separation is maintained in the absence of Mad1, that must be ruled out.  Any candidate 
protein for this important role will likely have to be relatively large with substantial coiled-
coil regions in its sequence, thus rendering it mechanically flexible and capable of binding 
several proteins simultaneously.  We believe several strong candidates for this mystery linker 
may be further upstream from Spindly, either within the RZZ complex or Zwint-1, the RZZ 
complex’s kinetochore anchor.  We are currently undertaking studies to test these new 
hypotheses.  Discovering what creates and maintains separation between the inner and outer 
kinetochores during prometaphase and metaphase will help us answer many questions about 
how cells are able to quickly and successfully segregate their genomes in mitosis.  
 
 
 
 
 
 
 
 
133 
 
Acknowledgements 
 The authors would like to thank Dr. Song-Tao Liu, Dr. Jan Ellenberg, Dr. Andrea 
Musacchio, and Dr. Richard Vallee for providing well-characterized reagents.  The authors 
would also like to thank Dr. Eric Griffis, Dr. Reto Gassmann, Dr. Arshad Desai, and Dr. 
Mary Dasso for helpful discussions, and the members of the Salmon and Bloom labs for 
helpful discussions and reviewing of the manuscript.  This work was funded by NIH 
GM24364 and GM60678 (EDS); TJM is additionally supported by the American Cancer 
Society. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
134 
 
 
Tables and Figures 
Table 3.1: siRNA oligos used for protein knockdowns 
Target      Oligo#                                  Target Sequence                          
Spindly       1                                         GGGAGAAGUUUAUCGAUUA 
                   2                                         GAAAGGGUCUCAAACUGAA 
                   3                                          GGAUAAAUGUCGUAAUGAA 
                   4                                          CAGGUUAGCUGCUGAAUCA 
 
Nde1          1 
                   2 
                   3 
                   4 
 
Ndel1         1                                         GAGACUUGCAGGCUGAUAA 
                   2                                         GGACCAAGCAUCACGAAAA 
                   3                                         GAAGCUAGAGCAUCAAUAU 
                   4                                         GCUAGGAUAUCAGCACUAA 
 
Mad1         1                                          CAGAGCAGAUCCGUUCGAA 
                  2                                          AGAGGGAGCUUGCCUUGAA 
                  3                                          CAUGAAGUCUGAGCUGGUA 
                  4                                          CUGAGGAUAUGGUGCAGAA 
 
Luciferase GL2 Duplex (control)         GCAUGCGCCUUAUGAAGCU 
 
Fl-Spindly                                     5’Fl-GGGAGAAGUUUAUCGAUUA 
 
Fl-Mad1                                   5’DY7- CAGAGCAGAUCCGUUCGAA 
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Figure 3.1: Mad1 localizes to aligned kinetochores in Spindly-depleted cells 
A. Illustration of metaphase mitotic phenotypes for wildtype, Spindly RNAi, Nde1 and 
Ndel1 RNAi, Mad1 RNAi, and Spindly and Mad1 double RNAi experiments in HeLa cells.  
B. Western blots showing probe with anti-Spindly for various RNAi conditions to show 
degree of protein knockdown.  Quantitative analysis (not shown) indicates Spindly 
knockdown of ~99%. 
C. Depiction of Mad1/CENPI staining at kinetochores of wildtype HeLa cells treated with 20 
µM nocodazole for 14 hrs to depolymerize all spindle microtubules and allow fibrous 
coronas to form unimpeded at kinetochores. 
D. Depiction of Mad1/CENPI staining at Spindly and Nde1/Ndel1 depleted late 
prometaphase kinetochores  
E. Delta Plots showing Mad1 localization relative to CENP-I head in Spindly-depleted cells.   
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Figure 3.2: Changes in kinetochore architecture in Spindly-depleted cells 
A. Depiction of CENP-I vs Hec1 staining in control, Spindly, Mad1, and Spindly/Mad1 HeLa 
kinetochores.  Insets are higher magnification views of sister pairs noted by arrows.  Lateral 
chromatic aberration (~30 nm in X/Y directions) is not corrected in these images. 
B. Western plots showing probe with anti-Mad1 for various RNAi conditions to show degree of 
protein knockdown.  Quantitative analysis (not shown) indicates Mad1 knockdown of ~90% in 
Mad1-depleted cells and ~60% in Mad1 and Spindly co-depleted cells. 
C. Delta plots  
D. (Top) Bar graph showing changes in Hec1 9G3 to CENP-I Delta (i.e., intrakinetochore 
stretch) in various RNAi conditions. (Bottom) Bar graph showing changes in Hec1 – Hec1 
distance across sister kinetochore pairs (i.e., interkinetochore stretch) in various RNAi 
conditions. 
E. Sample cold stable experiments showing that lack of kinetochore microtubule abundance or 
stability is not the reason for loss of Delta.  (Top) Spindly-depleted cell.  (Bottom): Control 
RNAi cell 
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Figure 3.3: Depletion of Spindly delays anaphase onset 
 
A. Bar graphs showing percentage of mitotic cells prior to and after anaphase for populations 
of synchronized HeLa cells analyzed 9, 10, or 11 hours after release from double thymidine 
block in various RNAi conditions.  
N-values: Spindly RNAi: 9 hr n = 543; 10 hr n = 854; 11 hr n = 1103 
     Control RNAi: 9 hr n = 455; 10 hr n = 905; 11 hr n = 1518 
     Spindly/Mad1 RNAi: 9 hr n = 954; 10 hr n = 1265; 11 hr n = 977 
     Mad1 RNAi: 9 hr n = 1321; 10 hr n = 1737; 11 hr n = 1591 
B. Representative 40X magnification fields of Spindly (left) and control (right) RNAi cells 
stained with DAPI. 
C. Line graph quantifying percentage of pre-anaphase cells over time for each condition. 
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Figure 3.4: Mad1 levels decline and both intra- and interkinetochore stretch increase over the 
course of a Spindly-depletion mediated mitotic delay 
 
A. Cells stained for CENP-I and Mad1 at 9, 10, and 11 hours after release from double 
thymidine block. 
B. Quantification of Mad1 levels vs. CENP-I levels corrected for cellular background in 
HeLa cells for various timepoints after double thymidine block release. 
C. Bar graph showing average Hec1-CENP-I Delta separation distances for various 
timepoints after double thymidine block release in Spindly and control RNAi cells. 
D. Bar graph showing average Hec1-Hec1 K-K distances between sister kinetochores for 
various timepoints after double thymidine block release in Spindly and control RNAi cells.  
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Figure 3.S1 Fluorescent intensity of Mad1 labels is the same at unaligned and aligned 
kinetochores in Spindly-depleted cells 
 
Integrated fluorescence of Mad1 protein staining was measured at aligned kinetochores of 
chromosomes from synchronized cells depleted of Spindly 9 hours after thymidine block 
release.  These values were corrected for cytoplasmic fluorescent background.  Similar 
measurements were taken for Mad1 staining of kinetochores in the same cells from 
chromosomes that failed to align at the spindle equator. 
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Figure 3.S2 Transfection efficiency of fluorescent oligos targeted to Mad1 and Spindly.   
 
Custom oligos (see Table 3.1) were made targeting Spindly and Mad1.  Spindly siRNAs 
were labeled with 5’ fluoroscein, Mad1 siRNAs were labeled with 5’ DY547, a proprietary 
fluorophores (Dharmacon) that mimics Cy3.  HeLa cells were transfected with both oligos 
and imaged live.  Two color image stacks were taken to assess transfection efficiency of 
siRNAs. 
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CHAPTER 4: SUMMARY AND CONCLUSIONS 
 
  
Cells depend heavily on kinetochores for metaphase chromosome alignment at the 
spindle equator and subsequent sister chromatid separation.  Over the last decade, the field 
has learned a great deal about the process of kinetochore assembly.  We now know this 
process is not, as was once proposed, a happenstance traffic jam where dozens of kinetochore 
proteins suddenly show up at the centromere all at the same time.  Recruitment and 
anchoring of kinetochore proteins is an orderly, systematic process that must occur in the 
same fashion every time a cell enters mitosis.  High-resolution light microscopy studies 
mapping and characterizing the nature of kinetochore protein interactions have shown a 
remarkable conservation of protein architecture from yeast all the way up to man (Joglekar et 
al., 2009; Joglekar et al., 2008a; Joglekar et al., 2006).  Nanometer scale “roadmaps” of 
proteins within kinetochores in various conditions should serve as a jumping off point for 
many new studies.   
 Nanometer-scale mapping not only confirms a multitude of epistasis and rudimentary 
fluorescent label colocalization experiments performed in an era with fewer advances in 
imaging technologies (Musacchio and Salmon, 2007) – it can help the field to isolate and 
investigate specific relationships between single proteins and complexes that would never 
before have been possible to address.  Analysis of this type can not only reveal localization 
information for two given proteins relative to one another, but also the nature of the 
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linkage(s) between them.  By examining the changes in Delta separation over the full 1-2 
micron extent of sister kinetochore pair oscillation, it was found that out of the 16 proteins 
and 19 epitopes tested, only two, CENP-A and CENP-C, have significant compliance in their 
linkage to outer kinetochore protein Hec1 (Chapter 2).  Other inner kinetochore proteins like 
the CCAN proteins (CENP-H, CENP-I, CENP-K, etc) did not share this compliance and 
maintained a constant separation distance over the range of oscillation.  The mechanical 
behavior of CENP-A and CENP-C can likely be explained by their direct intermingling with 
centromeric chromatin, which is significantly pliable (Bloom, 2007; Blower et al., 2002; 
Saitoh et al., 1992).  This mechanical information gleaned from the K-SHREC method will 
expedite functional characterization of newly discovered proteins in future experiments.  For 
example, one might expect that newly-characterized CCAN member CENP-W would be a 
third protein that shows oscillation compliance relative to the outer kinetochore, since recent 
studies show that it binds directly to chromatin (Hori et al., 2008a).   
Development of the K-SHREC method also yielded new theories about protein 
“supercomplexes” in cells (Chapter 2).  Proteins could be classified based on common 
localization, mechanical properties, and behavior in various conditions.  For example, 
treatment of cells with the cancer drug taxol, long known to arrest cells in metaphase by 
hyper-stabilizing microtubules, decreasing tension across centromeres, and activating the 
SAC (Clute and Pines, 1999; Waters et al., 1999), was also seen to introduce wholesale 
changes in protein substructure within kinetochores as well (Chapter 2).  The ability to 
localize individual proteins at <5 nm accuracy made it possible to observe that the outer 
kinetochore displaces inward approximately sixteen nanometers closer to the proteins of the 
inner kinetochore and the centromeric chromatin.  Furthermore, it was observed that this 
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subset of outer kinetochore proteins, comprised of the Ndc80 complex and roughly half of 
the Mis12 complex, appeared to be translating roughly in concert with one another as a result 
of taxol treatment.  Another subset of proteins – the CCAN, Knl1, Bub1, CENP-E, CENP-F, 
and the remainder of the Mis12 complex – also showed collective behavior, but importantly, 
no inward displacement in taxol treatment.  This model reinforces the central importance of 
the “KMN” outer kinetochore network as the essential kinetochore-microtubule attachment 
site (Cheeseman et al., 2006; Cheeseman and Desai, 2008; Cheeseman et al., 2008; Joglekar 
et al., 2008a; Joglekar et al., 2006) and also provides an attractive explanation for how and 
where within kinetochores the curling protofilaments of depolymerizing microtubules might 
“hook in” to generate the pulling forces central to poleward chromosome movements during 
mitosis (Grishchuk and McIntosh, 2006; Grishchuk et al., 2005; McIntosh et al., 2008).  Both 
“arms” of the kinetochore share two common characteristics: they each have independent 
linkages to the inner kinetochore and centromeric chromatin, and they each have prospective 
linkages to the minus-directed motor protein dynein, which appears to play a significant and 
substantial role in intrakinetochore protein arrangement, and more importantly, in creating, 
maintaining, and ultimately abolishing the SAC signal. 
To examine these important roles more closely, Delta was again measured, this time 
in the absence of Spindly, an RZZ-complex associated protein that has been implicated in 
recent studies as one of the major recruitment factors of dynein to kinetochores (Chan et al., 
2009; Gassmann et al., 2008; Griffis et al., 2007).  Under conditions of Spindly depletion by 
RNAi, cells congressed the majority of chromosomes to the spindle equator, but numerous 
chromosomes were left unaligned near the spindle poles (Chapter 3).  SAC protein Mad1 
labeled these aligned kinetochores at approximately the same levels as the unaligned 
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kinetochores, which was an interesting result.  This finding also supported the idea that 
depletion of Spindly resulted in loss of dynein function at kinetochores, since in control cells 
Mad1 was not present at metaphase.  Dynein and its cofactor dynactin are known from 
previous studies to be important in the silencing of the spindle checkpoint by way of 
stripping outer kinetochore SAC proteins such as Mad1, Mad2, and the RZZ complex off 
kinetochores upon microtubule attachment and transporting them along the spindle fibers to 
the poles (Howell et al., 2001; Wojcik et al., 2001).  The presence of Mad1 and an observed 
mitotic delay of over 120 minutes suggested the cells had an intact SAC signal.  The nature 
of the kinetochore in this arrested state was investigated, and several interesting observations 
were made.  First, K-K distance between Hec1 labels at sister kinetochores had decreased.  
This finding was in agreement with previous studies involving dynein perturbation, and was 
also confirmative of past studies where Spindly was depleted (Chan et al., 2009; Griffis et al., 
2007; Howell et al., 2001; Varma et al., 2006; Varma et al., 2008; Wojcik et al., 2001).  A 
novel finding, however, was that the tension within kinetochores in the absence of Spindly 
was reduced as well (Chapter 3), to an extent reminiscent of that previously seen when cells 
were treated with taxol (Chapter 2).  The nature of these reductions in both intra- and 
interkinetochore stretch were further addressed by investigating the fidelity of microtubule 
attachment to kinetochores.  It was found that kinetochore microtubule fibers were stable 
when exposed to cold in the absence of Spindly, suggesting that kinetochores were making 
and maintaining solid, end-on attachments to spindle fibers.  In addition, live cell imaging 
demonstrated dynamic instability and metaphase oscillations in Spindy-depleted cells that 
appeared similar to that seen in control cells (Skibbens et al., 1993).  The dramatic dynamic 
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changes in kinetochore architecture induced by Spindly depletion cannot be simply explained 
by poor attachment to the spindle. 
Past work had established that cells depleted of Spindly do eventually overcome the 
mitotic arrest and go into anaphase after a period of hours (Chan et al., 2009; Gassmann et 
al., 2008; Griffis et al., 2007).  To glean more information about how this recovery occurs, 
cells were fixed at three different timepoints during the course of the mitotic delay.  It was 
found that as time progressed, Mad1 levels at kinetochores dropped and separation both 
between sister kinetochores and within Hec1 and CENP-I of single kinetochores returned to 
control values (Chapter 3).  Taken together, all of these findings suggest that dynein at 
kinetochores plays a major role in the establishment of intra- and interkinetochore tension, 
but is not the only factor at work.  An important remaining question was how the kinetochore 
SAC signal was involved in this reduction of intrakinetochore stretch.  Does reduction in 
Delta tell the cell to halt anaphase (Maresca and Salmon, 2009), or is the situation reversed, 
with cells checkpoint-arrested by other means actively relaxing tension within kinetochores 
as a “brake”?  To answer this final question, Delta between inner kinetochore CCAN 
component CENP-I and outer kinetochore component Hec1 was measured in the absence of 
Spindly, the absence of Mad1, and the absence of both proteins.  Intrakinetochore stretch was 
not reduced in Mad1-depleted cells, but cells co-depleted of both Spindly and Mad1 had the 
same reduction in intrakinetochore stretch as cells depleted of Spindly alone (Chapter 3).  
This led to the novel conclusion that the precise spatial arrangement of proteins within 
kinetochores is upstream of the SAC, and may be a crucial input into checkpoint satisfaction 
– more crucial than separation between sister kinetochores, as has long been believed. 
152 
 
This work helps add to the ever-growing knowledge base of how the kinetochore is 
assembled, how it works, and how individual kinetochore feed back to the cell as a whole to 
delay anaphase until “all is well”.  The field has come a long way in previous quarter-century 
in its understanding of the kinetochore machine, with advances in imaging technology and 
developments of clever biochemical and molecular techniques mostly to thank.  The work is 
not done, however.  A map of protein architecture and a model of how changes to it affect the 
cell is only that – a map.  Just like a roadmap of a highway system doesn’t show every 
roadside restaurant and attraction, there is more than meets the eye when looking at 
kinetochore proteins.  Still to be addressed in the field is how kinase and phosphatase 
cascades affect dynamic protein arrangement – undoubtedly proteins can change their 
residency time and location at the kinetochore depending on their phosphorylation state.  
Other post-translational modifications could be important as well; farnesylation and 
sumoylation for example have already been shown to affect the binding behavior of 
kinetochore proteins (Dasso, 2008; Hussein and Taylor, 2002; Mukhopadhyay and Dasso, 
2007).  Another necessary advance to understanding the kinetochore will be to move out of 
fixed preparations and into live human cells. The map right now is a series of piecemeal 
snapshots – a vivid dynamic movie is more along the lines of what will be necessary for full 
understanding.  Movements in this direction have chiefly been impeded by limitations in 
fluorophores intensity and photostability, but as technology improves, this goal will become 
ever more possible.  The kinetochore is the quintessential mitotic machine, and as its mystery 
is further unraveled, science grows ever closer to a full concept of cell division – and more 
importantly, how to step in and make corrections when problems erupt. 
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